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1. 
PART I 
CHAPTER 1 
INTRODUCTION 
The grass grub, Costelytra zealandica (White), a native 
scarabaeid, is the major insect pest of New Zealand's im-
proved grasslands. Pastoral produce dominates this country's 
exports', having comprised well over 80% of exports in recent 
years, and will doubtless continue to do so for many years. 
The pest status of the grass grub therefore assumes major 
national importance. Over the last two decades DDT has given 
cheap and effective control of grass grub, but with the recent 
banning of DDT because of problems with insecticide residues 
in pastoral produce, grass grub control has entered a new era. 
There is no immediate prospect of another single, cheap con-
trol measure taking the place of DDT. An investigation of the 
effects of bird predation on grass grub populations there-
fore seemed timely. Past attempts at biological control of 
grass grub have concentrated on the introduction of insect 
parasites of melolonthines from other countries. The natural 
enemi~s already present in New Zealand have been neglected, 
although predation by starlings receives occasional publi-
city in popular journals and the press (~., Stringer, 1965).' 
This study was carried out under a research contract 
between Ecology Division, D. S. I. R., and the University of 
Canterbury while I was in tenure of a University Grants 
Committee Postgraduate Scholarship. The terms of the re-
search contract stated that I was to make "a detailed study 
of the impact of vertebrate predation, including that by 
starlings, on a population of grass grubs" while J. Coleman 
(Zoology Department, University of Canterbury) was to make 
an associated study of '~he seasonal pattern of local 
, 
I . . . . . 
2. 
distribution, numbers and movements of starlings, related to 
their major food resources in a defined area sufficiently 
large to include a representative sample of agricultural 
habitats". It was envisaged that my study would be mainly 
concerned with predation by starlings (Sturnus vulgaris L.) 
since no other vertebrate predators of grass grub appear 
to occur in sufficient numbers to be of any significance 
in Canterbury, where the study was to be made. 
The study of any predator-prey system basically in-
volves the measurement of three variables: prey density, pre-
dator density and the number of prey destroyed by the pre-
dators (Holling, 1959a; Buckner, 1966). This study was 
essentially a field study of starling predation on grass grub 
populations, and the approach adopted was to measure these 
three variables on selected study plots. To assess the value 
of starlings as biological control agents it was necessary 
to investigate the effects of starling predation on the dyn-
amics of grass grub populations and on the production of 
grass grub-infested pastures. Unfortunately little was known 
about these_ topics when this study commenced and some attention 
therefore had to be devoted to them. Rapid advances have 
been made over the last 10-15 years in field studies of in-
sect population dynamics and the development of an ecological 
approach to pest control problems, as evidenced by the recent 
appearance of authoritative books on the methodology of and 
rationale behind such studies (Southwood, 1966; Clark, Geier, 
Hughes and Morris, 1967; Watt, 1968). However, the population 
ecology of New Zealand pasture insect pests has only recently 
received attention (Pottinger, 1967, 1968). 
The first essential with field studies of insect popu-
lations is the development of sampling techniques (Morris, 
1955, 1960). The feasibiltty of attempting intensive popu-
lation studies depends largely upon whether or not suitable 
population sampling techniques can be developed (Ives, 1964), 
,-: --,~",~ " .'. ' -
3. 
and the tedious routine of sampling is the main barrier to 
more rapid progress in ecological research (Morris, 1955; 
Watt, 1966, ch.10). Morris (1959) pointed out that detailed 
life table studies of an insect species which is difficult 
to sample may only be possible for a team of investigators, 
and in some cases it may take several years to develop suit-
able sampling techniques (~., Morris, 1963a). With insects 
which are more readily sampled as few as two workers may be 
able to develop life tables (~., LeRoux, Paradis and Hudon, 
1963; Embree, 1965; Pottinger and LeRoux, 1971). 
Soil insects are notoriously difficult to sample (rves, 
1964), because of the large amount of soil which must be 
examined to recover the insects and the difficulty of re-
covering eggs and small larvae. Although research workers 
have long been interested in population studies of soil in-
sects (~., King, 1939), to my knowledge no life table 
studies (Morris and Miller, 1954) have been attempted on an 
insect which spends as much of its life cycle in the soil as 
Costelytra zealandica, apart from the recently reported study 
of Guppy and Harcourt (1970). Several life table studies 
have been carried out on insects which spend one or two 
stages of the life cycle in the upper layers of the soil 
(~., rves and Turnock, 1959; Southwood and Jepson, 1962; 
Harcourt, 1964; Lyons, 1964; Raw, 1967; Waloff, 1968). 
Since it was necessary to measure grass grub population 
density as part of this study it was decided that an investi-
gation of the feasibility of population studies of grass grub 
under Canterbury conditions could be conveniently incorporated 
into the field work as a secondary objective of the study. 
The objectives of this study can therefore be stated as follows: 
1) The principal objective was to assess the signifi-
cance and potential significance of predation by starlings 
(and any other vertebrates) on grass grub populations in 
. , " >_-:-,-~-:-'._' 
Canterbury. 
2) The secondary objective was to assess the feas-
ibility of intensive population studies of grass grub in 
Canterbury. 
ASSOCIATED STUDIES 
4. 
Two studies of starlings were associated with this study. 
J. Coleman studied the numbers, seasonal movements, feeding 
ha~its and breeding biology of starlings in an 820 acre area 
of mixed farmland (non-irrigated pasture and cropping) at 
West Melton, 10 miles west of Christchurch. W.R. Lobb and 
J. Wood, of the Winchmore Irrigation Research Station, studied 
the foods of starlings in irrigated Winchmore pastures by 
extracting fragments of insects and other foods from faeces 
collected at fortnightly intervals. Lobb and Wood collected 
starling:faeces from two sites, W.R. Lobb's 70 acre farmlet 
where Winchmore plot I was situated, and the Research Station, 
which was four miles from this farmlet. 
5 • 
PART II 
CHAPTER 2 
SUMMARY OF LITERATURE REVIEWS 
In addition to reviews of methods, which are referred 
to in part III of the thesis, literature reviews were made 
of four major topics relevant to this study; the biology of 
the' grass grub, the biology of the starling, the study of 
natural insect popUlations and the study of predation. These 
reviews are extensive and contain considerably more infor-
mation than is immediately relevant to this study, and they 
are therefore presented in appendices I to IV. The main 
points are briefly summarized in this chapter to provide a 
background for the rest of the thesis. For a fuller account 
of each topic and citations of literature reference should 
be made to the appropriate appendix, which is indicated in 
parentheses after each heading. 
THE BIOLOGY OF COSTELYTRA ZEALANDICA (APPENDIX I) 
Costelytra zealandica is New Zealand's most important 
grassland insect pest. It is a native, univoltine scarabaeid 
with three larval instars (plate 2-1), and the adult is the 
only stage which is not normally entirely subterranean. The 
adult stage and oviposition occur in late spring and early 
summer (November-December), and most of the popUlation has 
entered the third instar by the following autumn (March-
April). After overwintering as third-ins tar larvae the gru~s 
enter the prepupal stage in early spring (September-October) 
prior to pupation. 
The larvae burrow through the soil with their mandibles, 
lying in a C-shape within a cell just large enough for them 
to turn over in. They are polyphagous root-feeders and cause 
severe damage to improved pastures where they occur at high 
Plnte 2-1. 
6 . 
Life cy cle stage s of Costelytra zealandica: 
proceedin g from t h e top in a clockwise 
directi on , egg, fir st-instar larva , see ond-
i nstar larva, t h ird-ins tar larva, prepupa, 
pupa, adu lt. Scale: 1 em. divisions . 
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densities. The severity of this pasture damage is increased 
by dry weather or lack of plant nutrients. The grass grub 
adults fly at dusk and are active on the pasture surface 
throughout the ~ight. The adult males emerge earlier in 
the year and earlier in the evening than the females. Males 
initially comprise over 95% of the dense swarm of beetles 
flying over the sward at heights of up to 10 feet on spring 
evenings. Females usually mate shortly after first emerging 
from the soil and then do not fly until after they have laid 
the first egg cluster, which contains over 80% of the total 
number of eggs laid. Most of the eggs are consequently laid 
close to the site where the female emerged. The few females 
which do not mate within a few minutes of first emergence may 
fly before they have laid the first cluster. 
Larvae typically have a very clumped distribution within 
an infested paddock, at least on lighter soil types, where 
they are restricted to the immediate vicinity of discrete 
patches of damaged pasture. These patches reappear from 
year to year and gradually enlarge as the population increases. 
The only stages which regularly occur in the top 1-2 inches 
of soil and are therefore exposed to bird predation are the 
second and third-instar larvae during autumn and winter 
(March-August) and the adult beetles, which spend the day 
in the soil or beneath surface cover during spring (November-
December). During very dry weather the larvae move down to 
depths of 6-7 inches. 
Before 1950, control of grass grub infestations centred 
around cultural methods, such as cultivation, mobstocking 
~nd use of lucerne. The introduction of DDT in the early 
1950s resulted in two decades of cheap and effective control 
of grass grub, but resistance to DDT became prevalent during 
the 1960s and the presence of DDT residues in pastoral pro-
duce led to the banning of DDT in the late 1960s. Attempts 
at biological control with introduced insect and nematode 
parasites and pathogenic bacteria have failed. At present 
.' " "',: " ~ 
"- "-', - _. :: ~ - -- - - ... " - -.-
'.' "r'_'_-,-,', _-. ">.'.-"- -.-_.-
8. 
the control of grass grub centres on restricted usage of 
costly organophosphate insecticides and the cultural methods 
which were in vogue in the pre-DDT era. 
Q. zealandica has a variety of natural enemies. Only 
two parasites are known which cause the death of the host, 
a tachinid (Proscissio cana) and a nematode (Mermis sp.), 
both of which are rare in improved pastureland. Several 
.bacterial, fungus and rickettsial diseases and invertebrate 
predators are known. Larvae are preyed upon by starlings, 
magpies, rooks and wekas, which capture soil invertebrates 
by probing into the soil. Adults sheltering above the soil 
surface during the day are also exposed to predation by a 
variety of surface-feeding birds, while adults active on the 
pasture at night are available to owls, hedgehogs, rats and 
mice. None of these natural enemies prevent grass grub popu-
lations from increasing to damaging levels over wide areas. 
Grass grubs are tolerant of a wide range of soil moistures 
and soil temperatures. The only natural mortality factor 
which appears to cause widespread mortality among grass grub 
popUlations is larval combat arising from aggressive inter-
acti~ns between larvae. 
Grass grub populations regularly increase over a period 
of several years to the leve~ where they destroy their food 
supply, and that of the farmer's stock. In the absence of 
·bontrol measures, grass grub populations in newly sown non-
.irrigated Canterbury pastures take 5-6 years to build up to 
peak densities, and then decline because of larval combat 
and cannibalism induced by food shortage, possibly assisted 
by starling predation in some areas. The greater food supply 
in irrigated pastures allows grass grub populations to build 
up to peak densities 4-5 times those recorded in non-
irrigated pastures. 
I"~' 'r':_ -',- , ' 
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ASPECTS OF THE BIOLOGY OF THE STARLING (APPENDIX II) 
The starling (Sturnus vulgaris) is a European bird 
which has been successfully introduced into many other parts 
of the world by man. It is a hole-nester, and the male 
actively defends the nesting hole and remains close by it 
throughout the year. The starling is typically a flocking 
bird, often occurring in large flocks during winter, when 
communal roosts are occupied by several thousand or as many 
as a few million starlings. Flocks may fly as far as 50 
miles each way between the roost and their daily feeding 
grounds. 
The starling is omnivorous. It feeds mainly in grass-
land and consumes a wide variety of surface dwelling, aerial 
and subterranean invertebrates .as well as fruit, cereals 
and human garbage, although cereals are largely eaten when 
other foods are scarce. It locates soil invertebrates by 
probing into the soil with the bill to make a hole and 
simultaneously looking into the hole to see if any prey is 
exposed. Starlings prefer close-grazed pastures to rank 
pastures and often feed in the company of grazing livestock. 
The population dynamics of the starling' are not as well 
understood as its feeding habits. Starling populations may 
be limited over wide areas by the available number of nesting 
sites or by the available food supply, but the size of local 
breeding populations may often be limited by the number of 
ne sting sites. 
Starlings are useful to man in that they destroy insect 
pests, but they can cause pest problems by consuming fruit 
and cereals. In urban areas they cause several problems: 
large urban roosts are noisy and may deface buildings and 
trees, nest-building can foul goods in warehouses, starlings 
cause birdstrikeproblems at airports, and they can carry 
diseases of man and domestic animals. 
The habits of starlings in New Zealand are similar to 
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those elsewhere. In irrigated Winchmore pastureland they 
are largely insectivorous, eating a wide range of inverte-
brates, including many insect pests, but very little gTain. 
In non-irrigated West Melton farmland they consume a similar 
range of invertebrates but a much larger amount of grain, 
which is taken from stubble fields and winter feedlots. 
Third-instar grass grub larvae form a large part of the 
diet in irrigated areas from March to May and are taken in 
lesser amounts from June to October. In non-irrigated areas 
third-instar grass grubs are taken from May to August. Grass 
grub ~dulis form a major part of the diet of nestling and 
adult starlings in November and December. 
The Canterbury Plains contain few nesting sites for 
hole-nesting birds, and intraspecific competition among star-
lings for nesting holes is severe. Provision of nesting 
boxes by J. Coleman in an 820 acre area at West Melton in-
creased the starling breeding population from one pair per 
35-40 acres to one pair per 4.3 acres in two years. 
In the predominantly pastoral Canterbury Plains the 
only significant pest activity of starlings is consumption 
of cereals taken from winter feedlots. This does not appear 
to occur in irrigated areas, where the starling is largely 
insectivorous and is therefore either neutral or beneficial 
to man's interests, but in non-irrigated areas consumption 
of cereals fed out to stock may be a significant problem, 
particularly in drought years. 
THE STUDY OF NATURAL INSECT POPULATIONS(APPENDIX III) 
The objective of studying the dynamics of insect pest 
populations is to learn enough about them to be able to mani-
pulate pest populations intelligently. During the last 10-
15 years the emphasis in insect population ecology has shifted 
from deductive theorising to quantitative, multifactor 
studies of single species' life systems, i.e., of populations 
and all of the biotic and abiotic agencies which influence 
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their numbers. Life tables provide a convenient method of 
tabulating the information collected in multifactor studies. 
Such studies may eventually lead to the development of 
mathematical models which accurately describe the function-
ing of insect life systems. This will usually necessitate 
both life table studies, to reveal which factors play im-
portant roles in the functioning of the life system, and 
experimental process studies, to elucidate the mechanisms 
of population fluctuation and stabilization. 
A REVIEW OF THE LITERATURE ON PREDATION (APPENDIX IV) 
A realistic mathematical description of predation is 
essential to the development of realistic population models 
for insects. C.S. Holling and associates have developed a 
complete, precise, realistic and general computer model of 
predation which promises to lead to major advances in our 
understanding of the predation process. Field studies of 
predation which are part of a long-term study of the prey 
species' population dynamics should be designed to collect 
data to which predation models can be fitted, to allow the 
effects of predation to be incorporated realistically in 
the final model. This necessitates at least the measure-
ment of predator density, prey density and the number of prey 
attacked over a wide range of predator and prey densities, 
which is usually a very difficult task in field studies. 
The functional response of vertebrate predators to prey 
density, i.e., changes in the number of prey eaten per pre-
dator with changes in prey density, is typically an S-shaped 
rise to a plateau, the initial phase of positive acceler-
ation resulting from the operation of the learning component, 
~.,from hunting by searching image, by means of which the 
predators learn both the specific visual characters of the 
prey and the specific characters of its habitat. Birds are 
able to sample and evaluate the profitability of a particular 
prey or a particular area and tend to concentrate their hunting 
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effort within the most productive parts of their habitat, 
these areas being remembered and revisited. Birds typically 
show little interest in an insect prey until its population 
density exceeds a threshold where the birds find it profit-
able to concentrate on this prey. The birds' functional 
response rises rapidly with increases in prey density above 
this threshold, but eventually levels off at higher densities 
owing to satiation and the maintenance of a mixed diet. 
Vertebrate predators may show direct, inverse or no 
num:erical response to increases in prey density. It is 
important to distinguish between numerical responses re-
sulting from increased reproduction and those resulting from 
population movements. The latter are often important with 
birds, which are highly mobile and often occur in flocks. 
Like the functional response to prey density but unlike the 
breeding numerical response, population movements allow an 
immediate response to changes in prey density. 
Predation by vertebrates is a highly complex process 
which may be influenced by such factors as interference 
between predators and social stimulation ,of feeding, both 
of which operate through the functional response to predator 
density, and by characteristics of the environment, ~., 
weather and the abundance and quality of alternative prey, 
characteristics of the predator, ~., habitat and food 
preferences and methods of locating and capturing prey, and 
characteristics of the prey, ~., calorific value, size, 
colouration, behaviour and spatial distribution. 
Theoretical considerations and a few field studies have 
shown that the total response of bird and small mammal pre-
dators to increases in prey density is typically domed, 
percentage predation initially increasing with rising prey 
density to a peak, where the functional and numerical res-
ponses are sated, and then declining with further increases 
in prey density. Predation is therefore density dependent 
and may contribute to the regulation or damp the oscillations 
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of prey density over the rising phase of the total response, 
but once prey density increases much beyond the peak in the 
total response predation is inversely density dependent and 
therefore disturbing rather than regulating. The functional 
responses of insectivorous birds may often reach their upper 
asymptote at relatively low prey densities and the numerical 
responses of birds are limited in comparison with the re-
productive capacity of insects. Birds therefore can not 
usually cope with pest outbreaks but may sometimes play 
an- important role in preventing them by contributing to the 
regu~ation of insect populations at low densities. Birds 
can suppress localised pest outbreaks if they are attracted 
in large flocks. Many field studies have shown that bird 
predation sometimes inflicts considerable mortality on insect 
populations outside the birds' breeding season, particularly 
during winter, but this is seldom the case during the breeding 
season. 
Attempts to use vertebrates as biological control agents 
usually involve manipulation of the environment to encourage 
existing predators. A few field studies have shown that bird 
predation can give effective biological control of forest, 
orchard and agricultural insect pests, at least in isolated 
instances. 
PART III: METHODS 
CHAPTER 3 
STUDY PLOTS AND MECHANICAL ASPECTS OF SAMPLING 
GRASS GRUB POPULATIONS 
The obvious approach to the problem of estimating 
14. 
grass grub population density is to sample a unit of habitat 
(soil) and extract and count the grass grubs it contains. 
Other approaches, such as mark-recapture methods, are not 
suitable for soil insects, because they would entail severe 
disturbance of the habitat. The mechanical aspects of soil 
sampling (sampling devices, location of sampling positions, 
and extraction techniques) will be considered in this 
chapter, following a description of the study plots, and the 
statistical aspects of sampling will be considered in the 
next chapter. 
STUDY PLOTS 
Ideally the study plots had to be in areas with large 
populattons of grass grubs and starlings, where insecticides 
were not used. It proved difficult to locate such a combin-
ation, but eventually four study plots were established, all 
in areas with large grass grub populations and no insecticide 
usage, as follows: 
Winchmore Plot 1. A two acre plot of eleven-year old, 
border-dyked, flood irrigated pasture (the pasture on all 
study plots was ryegrass-white clover based) at Winchmore, 
mid-Canterbury, 50 miles south of the city of Christchurch. 
This plot was situated on a Lismore stony silt loam soil and 
was within half a mile of a stand of pines which was used as 
a winter roost by a large number of starlings.' This plot 
appeared to be ideal for the purposes of this study since it 
was situated on a 70 acre irrigated farmlet where the farmer 
(Mr. W.R. Lobb) had managed to build up stock numbers over an 
11-year period to a high level despite a considerable grass 
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grub infestation. He had achieved this without any use of 
insecticides, the grass grub population being kept in check 
by a combination of starling predation and judicious grazing 
management. 
Winchmore Plot 2. A one acre plot of eight-year old, 
border-dyked, flood irrigated pasture situated 5 miles from 
Winchmore plot 1 and on the same soil type. This plot was 
in an area with much smaller numbers of starlings than plot 
1 •. 
Weka Pass Pl£!. Two acres of three-year old, non-
irrigated pasture at Weka Pass, North Canterbury, 50 miles 
north of Christchurch, situated on a Huihui soil type in 
an area with consid~rable numbers of starlings. 
Lincoln Plot. Four acres of four-year old, non-
irrigated pasture situated on the Lincoln College Research 
Farm, 12 miles from Christchurch, on a Templeton silt loam 
soil. This plot was in an area with low starling numbers, 
the situation typical of Canterbury. 
It had originally been intended that at least one study 
plot would be established within the area where J. Coleman 
studied starling movements and feeding habits, but this did 
not prove possible. 
A general description of the soils, climate, agriculture, 
fauna and flora of Canterbury, including maps, is given in 
Knox (1 969) • 
SAMPLING DEVICES 
Two sampling devices were used in this study, viz., 
a soil corer and a spade. 
Soil Corer. 
Description of the Soil Corer and Its Operation. The soil 
corer used in this study was developed specifically for 
sampling ~telytra zealandica populations by Kain and 
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Young (1971) and the following description is based on their 
manuscript. The components are shown in fig. 3-1 and plate 
3-1. It consists of two basic parts, the hammer and the 
corer. The hammer is a 5.0 cm. (2.0in.) diameter pipe 
I 
weighted at the top and ~langed at the striking end, and weighs 
12.7kg. (28.0lb). With a hammer of this weight the corer can 
be readily driven to a depth of 25cm. (10in.) into the harde~t 
(stone-free) soils encountered in Canterbury, with a maximum 
of 12-15 strokes of the hammer. For the softer soils en-
countered in the winter, 4-6 strokes usually suffice. In the 
original model of Kain and Young there were two well-braced 
handles forming:a T at the top of the hammer, but these 
continually broke off under Canterbury summer conditions, 
and were eventually discarded, since it was found that the 
hammer was just as easily operated without handles. 
The corer comprises a hammer guide and a barrel and 
weighs 10.8kg. (24.0lb.). The hammer guide is a 3.81cm. 
(1.5in.) diameter tube attached to the top of the oorer, and 
serves to direct the stroke of the hammer on to the upper 
part of the barrel, which is split longitudinally and consists 
of a hinged and a fixed half (fig. 3-1). The hammer guide 
is welded to the top of the fixed half of the barrel and to 
the hinge. This differs from Kain and Young's corer, in 
which the hammer guide screws into a socket which is bolted 
to a plate attached to the fixed half of the barrel. Inter-
nally the cutting edge has a diameter which is 3mm. (tin.) 
smaller than the barrel. Because of this stepped cutting 
edge the soil core is retained loosely in the barrel, which 
enables it to be released easily and quickly. Externally 
the cutting head tapers towards the cutting edge. 
The corer is constructed of mild steel, and the barrel 
is case hardened. Apart from the guide tube the complete 
corer is stress relieved, and the barrel is polished both 
I 
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FIG. 3-1. COMPONENTS OF SOIL CORER (SLIGHTLY MODIFIED 
AFTER KAIN AND YOUNG, 1971). 
HAMMER 
ezz ZZZZZZJ· 
... 36" 
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IJ--..JL---~----- hinged half 
-".-+----- fixed half 
stepped cutting head 
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Plate 3-1. The soil corer used in this study and a soil 
core. From left to right, hammer ; 4 in. 
diameter, 10 in. deep s oil core; corer with 
barrel open. 
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internally and externally to prevent soil adhesion. 
The barrel of the corer is driven into the soil by 
sliding the hammer up and down the guide tube. On impact 
the force is conveyed from the hammer through the 11 .43cm. 
(4.5in.) diameter flange on the base of the hammer directly 
down the walls of the barrel. Both halves of the barrel are 
held firmly together during driving. by the pressure of the 
soil on the tapered outer surface of the cutting head. At the 
required depth the corer is pushed from side to 'side to sever 
the 'base of the soil core. On withdrawal the fixed side of 
the barrel is kept downward to support the core. The barrel 
is then slipped into a numbered polythene bag and rotated 
through 90 degrees, which transfers the weight of the soil 
core from the fixed side to the hinged side, causing the 
latter to fall open. The soil core then easily slides out 
into the polythene bag. By incorporating the idea of a split 
corer (O'Connor, 1957) with a design robust enough for use 
in pastureland soils, Kain and Young have thus developed a 
type of corer which allows one man to rapidly take and bag 
10.16cm. (4in.) diameter soil cores which are removed from 
the corer.without compression (plate 3-1). Even with the 
most delicate stages of the grass grub life cycle, prepupae 
and pupae, no grubs are damaged during sampling, apart from 
those which lie in the direct path of the walls of the corer 
as it is driven in. Grass grubs damaged in this way are 
usually sectioned by the corer, and were counted if they 
included the anterior end of the grub and ignored if they did 
not. 
Morris (1955) listed six criteria for the selection of 
the sampling unit in insect population studies: 
1. All units in the universe should have an equal chance 
of selection. 
2. The unit must have stability. 
3. The proportion of the insect population using the unit 
as a habitat must remain constant. 
4. The unit must be small enough to permit enough units 
to be taken in a given sample to provide an adequate 
estimate of variance. 
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5. The unit mu~t lend itself to the expression of absolute 
population density, ~., the number of insects per 
unit area. 
6. The unit must be easily delineated in the field and 
collected without serious disturbance of the insect 
population. 
The first criterion was satisfied by distributing the 
sampling units randomly within the study plot. The other 
five criteria are all quite obviously satisfied by a 10.16cm. 
diameter soil core taken by the corer described above, pro-
viding the cores are taken to beyond the greatest depth at 
which grass grubs occur (criterion 3). Cores were therefore 
taken to depths of 19-25cm. (8-10in.). With regard to the 
sixth criterion, while corers enable particularly precise 
delineation of the sampling unit, the method of pushing the 
corer from side to side to sever the base of the soil core 
and free the corer for withdrawal results in compression of 
the soil immediately adjacent to the sampling position. The 
procedure was therefore adopted of taking no soil cores 
closer than one foot to previously sampled positions. 
Throughout the rest of this thesis the terms "soil core" 
and "core" refer to 10.16cm. diameter, 19-25cm. deep cores 
taken with the Kain and Young corer, except where otherwise 
indicated. 
Cost of Sampling with the Soil Corer. The number of 
cores which can be taken in a given time varies with the 
soil conditions, with soil moisture being particularly 
important. Under Canterbury conditions, coring is most 
difficult during the summer months when the soils are typi-
cally dry and hard, and easiest during the winter, when the 
soil is much wetter and softer. Freezing of the soil by 
winter frosts is no problem in lowland areas of Canterbury, 
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since rarely more than the top 0.5-1.0cm. of soil is frozen 
and this usually thaws out by mid-morning at the latest. 
Sampling involved several other activities besides the 
actual process of taking and bagging soil cores. Firstly, 
a series of numbered polythene bags had to be prepared, 
one for each sampling unit. For convenience, these bags 
were divided into groups of ten, representing ten consecu-
tive sampling units, and each group was placed inside a 
folded jute sack large enough to hold ten cores. The sacks 
we~e placed out in the appropriate areas of the study plot. 
Sampling positionswere then located and marked ( p. 27 ) 
and the cores taken. Immediately after each core was bagged 
it was placed in a sack. When coring had been completed for 
the day, the sacks, each containing ten cores, were collected 
with the aid of a wheelbarrow and loaded on to the vehicle 
and trailer for transport to the extraction laboratory. 
o ( 0 ) Here they were stored in a cool store at 2-4.5 C 36-40 F 
prior to extraction. All stages of Costelytra zealandica 
can be safely stored in soil cores for at least 3-4 weeks 
under this temperature regime, with negligible mortality 
and no further development. In practice, all samples were 
processed within two (exceptionally three) weeks of being 
taken. After the cores had been taken, the holes left in 
the ground were filled with soil, which was usually obtained 
from the side of the field containing the study plot. It 
was found that the cost (in man-hours) of all sampling 
activities, with the exception of taking the cores, was 
effectively the same for all soil conditions. On average, 
the total cost of all sampling activities except coring was 
1.36 minutes per core (table 3-1). The average cost of 
taking and bagging a core varied from 2.29minutes in summer 
to 1.17minutes in winter. The total cost of sampling in 
different seasons and the average number of cores which can 
be taken per man-day are shown in table 3-2. These figures 
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Table 3-1. Time required for sampling activities with 
constant cost (coring). 
Activity Cost (mins./core). 
~-------------,---------------,----+------------------------.~ 
Numbering and preparing polythene 
bags 
Distributing-sacks and polythene 
bags in study plot 
Locating and marking sampling 
positions 
Collecting and loading cores 
Unloading and storing cores 
Obtaining soil for filling holes 
Filling holes 
Total cost 
0.23 
0.06 
0.30 
0.06 
0.03 
0.12 
0.56 
1.36 
~---------------------------,----~--------------------------
Table 3-2. Total cost of coring in different seasons. 
----.-' 
- -Season Stages Average Total cost of Average 
sampled cost of sampling(mins/ number of 
taking & core) cores 
bagginf taken per 
cores mins.1 8-hour 
corel ___ ,!!verail e ranile man-day 
Summer eggs 2.29 3.65 3.44- 131 
(late- Nov. 1st instar 3.97 
to Feb.) 2nd ins tar 
Autumn 3rd instax 1. 51 2.87 2.30-
(March to 3.11 167 
April) 
Winter 3rd ins tar 1 .17 2.53 2.24-
(May to 2.70 189 
August) 
Spring prepupae 
(Sept. to pupae 1 .42 2.78 2.25-
early Nov.) teneral 3.07 172 
beetles 
_______ I., 
. .;._,.' ... --.-,." .. 
. -.--> '~-'->' 
~.-,~. ,,--<.', " " -
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represent a comfortable, steady working speed. A single 
operator working alone (which was the usual situation in 
this study) can thus take, on average, between 130 and 190 
soil cores per man-day, which includes all sampling activi-
ties. This is a satisfactorily rapid rate of sampling for 
intensive population studies. With a team of several 
workers, Kain and Young (1971) were able to take an average 
of 200 and 400 cores per man-day, under summer and winter 
conditions, respectively. 
Th~oughout this study infrequent repairs were necessary 
to the soil corer. The hammer tended to develop cracks just 
above the flanged striking end, necessitating repair by 
welding, but it usually lasted for at least several hundred 
cores before cracking again, even under summer conditions. 
The ability of the corer to sample the hardest soils en-
countered with infrequent repairs obviates the need for a 
power-operated corer, particularly as the latter would be 
much more expensive to construct and maintain. As Kain and 
Young (1971) note, power-operated corers, such as the tractor-
mounted, hydraulically-operated device described by Burrage, 
Vibert and MacLeod (1963), also have the disadvantag~of 
causing soil compaction (which would be important under 
winter conditions), and being relatively difficult to man-
ouver on small study plots. Undoubtedly a power-operated 
corer suitable for intensive sampling of Costelytra zealandica 
populations could be developed, but it is unlikely that it 
would allow a faster rate of sampling than that achieved 
with Kain and Young's corer. The only real advantage of a 
power-operated corer would be to take the hard physical work 
out of coring. However, the work involved in driving the 
corer in with a 12.7kg. hammer is certainly not excessive, 
although it requires a reasonably fit operator. 
The only serious drawback of Kain and Young's corer 
(and any other corer) is its inability to stand up to sampling 
from stony soils. On these soils the only feasible sampling 
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device is a spade. 
Spad~. 
The Spade Square Sampling Unit. Since the stony nature 
of the Lismore stony silt loam encountered in the Winchmore 
study plots (Kear, Gibbs and Miller, 1.967) made the use of 
a soil corer impossible, the smallest feasible sampling unit 
for these plots appeared to be a volume of soil with a sur-
face area of 15.24cm. (6in.) square, cut to a depth of 20cm. 
(Bin.), which was deep enough to include all individual 
Costelytra zealandica of all stages on the Winchmore plots. 
This sampling unit, which will be referred to as a spade 
square, was taken with a spade 14cm. (5lin.) in blade width. 
Considering Morris's criteria (p. 19), the major problem 
with the spade square sampling unit is accurate delineation. 
To facilitate delineation, the blade was straightened to 
make it flat and parallel to the spade handle, and a square 
stainless steel guiding frame (plate 3-2) with outer edges 
15.24cm (6in.) in length, 7.62cm. (3in.) high, and with a 
sharpened lower edge was pushed into the turf to a depth of 
approximately O.5cm. in the sampling position. The spade 
was then placed against the vertical outer edge of the guiding 
frame and driven into the soil. Stones were struck regularly 
at Winchmore, but it was nearly always possible to drive the 
spade in initially to a depth of 10-15cm. on at least one of 
the four sides of the sampling position. The top part of the 
spade square could then be levered out from this side, expo-
sing any stones, which were impeding progress on the other 
sides. These stones were loosened with the spade and removed 
by hand. In this way it was possible to cut out a spade 
squ~re with approximately vertical walls, although the sampling 
unit itself was considerably broken up, being taken in four 
or more separate parts (plate 3-2). As they were taken the 
separate parts were placed in a polythene bag inside a numbered 
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Plate 3-2. The spade square sampling unit. From left to 
right, 5t in. wide spade, hole made by removal 
of spade square, 6 in. square stainless steel 
guiding frame, spade square sampling unit on 
metal sorting tray, numbered cloth bag with 
inner polythene bag. Note the broken up nature 
of the spade square and the presence of stones. 
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cloth bag (plate 3-2). The difficulty of delineating the 
spade square was thus satisfactorily overcome by the use of 
a straightened spade and a guiding frame, although it was 
still not possible to achieve the highly accurate delineation 
obtained with the soil corer. 
The Cost of Sampling with a Spade. The Winchmore 
plots were situated on irrigated pastureland, and it was 
found that soil conditions did not vary enough from summer 
to winter to significantly affec't the cost of sampling. 
Swnpling activities were basically the same as for coring, 
except that sampling positions were located by pacing and 
marked with the numbered cloth bags. The total cost of 
sampling was 3.62minutes per spade square, on average (table 
3-3), which represents a rate of 132 spad~quares per 8-
hour man-day. 
While the spade square is a suitable sampling unit for 
intensive sampling of Costelytra zealBndica populations on 
irrigated stony soils at all times of the year, this may not 
be the case for non-irrigated stony soils under summer con-
ditions. Areas of Lismore stony silt loam and very stony 
silt loam soils (where grass grub is often a serious pest) 
typically become ve~y dry and hard in the period December-
February. This hardness, coupled with the presence of stones, 
often makes it extremely difficult or even impossible to 
drive a spade in to a depth of 20-25cm., so that intensive 
~mpling of eggs, first and second-instar larvae may not be 
feasible in these soil types. Areas of non-irrigated stony 
so~l should therefore be avoided when selecting sites for 
population studies of Costelytra zealandica in Canterbury, 
especially as there is no reason to suspect that the popu-
lation dynamics of Costelytra zealandica is any different in 
Lismore stony silt loams than it is in relatively stone-free 
Templeton and Wakanui silt loams, where corers can be used. 
Alternatively it may be possible to locate grass grub-infested 
stone-free areas of Lismore silt loams, which are known to 
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exist (Kear, Gibbs and Miller, 1967). 
Table 3-3. Cost of sampling at Winchmore (spade square 
sampling units). 
Activity Cost (mins./unit). 
Preparing polythene and cloth 
bags 0.04 
Locating sampling positions and 
distributing bags in field 0.34 
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Taking and bagging spade squares 1 .95 (range:1.85-
Collecting and loading sample 0.18 2.15) 
Unloading and storing sample 0.06 
Obtaining soil for filling holes 0.19 
Filling holes 0.86 
Total cost 3.62 
LOCATION OF SAMPLING POSITIONS 
Sampling positions were initially located by pacing. 
The study plots were divided up by a one chain by one chain 
grid, the corners of each one chain (22 paces) square plot-
let being marked with white wooden pegs. Sampling positions 
were located randomly within a plotlet by starting from the 
north-west corner, proceeding for X paces along one side of 
the plotlet, then turning through 90 0 and proceeding into the 
plotlet for Y paces, where X and Y were numbers between 0 and 
22 read from a table of random numbers. It was found that 
with practice the same position (within 1-2 fuet) could always 
be located for a given combination of X and Y. The Winchmore 
plots were divided up into one chain by half chain plotlets, 
since the border-dykes are just over half a chain apart. 
Accurate relocation of sampling positions was found to 
be particularly important for the stratification of sampling 
-- : : . -.-.-.- =.=-_.,~.-
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units according to their positions relative to pasture 
damaged by grass grub (stratification will be discussed 
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in the next chapter). Once this was known, a more accurate 
method of locating sampling positions was adopted. This 
method, first suggested for use in sampling grass grub 
populations by J. Farrell (pers. comm.), involves the use 
of a wheel and a measuring tape and is illustrated in plate 
3-3. A piece of 2.5cm. diameter pipe was first knocked into 
the ground in the centre of each square chain plotlet, so 
that approximately 30cm. protruded above the ground, and a 
piece of O.6cm.- thick steel re-inforcing rod, painted white, 
was hammered into the soil inside the pipe, so that about 
15cm. (the centre spike) protruded above the pipe. A O.6m. 
diameter bicycle wheel, with 64 numbered positions at 
equidistant points around its circumference, was then slipped 
over the centre spike and rested on the pipe so that position 
1 lay on a straight line between the spike and the wooden 
peg marking the north-west corner of the plotlet. The metal 
spike attached to the wheel kept its position fixed. The end 
of a measuring tape was slipped over the centre spike, and 
a sampling position was located by randomly selecting both a 
position on the wheel circumference and a distance (in feet) 
from the centre spike, the sampling position forming a straight 
line with the centre spike and the position on the wheel, 
which was marked with a plastic clothes peg to facilitate 
lining up. By this method sampling positions could be 
re-Iocated with an accuracy of ± 15cm. As with pacing, 
sampling positions were marked with numbered wire flags. 
Since the plotlets were square, the number of possible 
sampling positions varied with the position on the wheel 
circumference, and this had to be allowed for in selection 
of sampling positions. The method which I developed to en-
sure random selection of sampling positions is described in 
appendix VII. 
Plate 3-3. Device used for locating sampling positions, 
comprising a measuring tape and a 0.6 m. 
diameter bicycle wheel with 64 numbered 
positions on its circumference resting on 
a piece of pipe, with the white centre spike 
protruding above the wheel. Note metal 
spike attached to wheel to keep its position 
fixed. 
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EXTRACTION TECHNIQUES 
Methods for extracting arthropods from soil samples 
have been reviewed by Murphy (1962 a, b), Macfadyen (1962), 
Kevan (1962, ch.5) and Southwood (1966, ch.5). These 
methods can be divided into two distinct groups: mechanical. 
and behavioural or dynamic techniques. Mechanical tech-
niques have been developed largely for use with arable 
soils high in mineral content, and they are the obvious 
methods to use for estimating population density of a single 
species of soil macro-arthropod which occurs in light, sandy 
silt-type agricultural soils, ~., Costelytra zealandica, 
particularly as some of the developmental stages sampled 
(eggs and pupae) are sedentary. Three extraction techniques 
were considered in this study, viz., hand-sorting, dry sieving 
and wet sieving with flotation. 
!!2:E:d-Sorting. 
Description of the Ha~-Sorti~etho~. Hand-sorting 
is often a useful extraction technique for larger soil 
~pods (Kevan, 1962, ch.5), particularly when sampling 
unit size is small (Murphy, 1962b). This method has been 
used to extract the larger stages of several scarabaeids, 
~., third-instar Phyllopertha horticola (Raw, 1951), third-
instar Amphimallon majalis (Burrage and Gyrisco, 1954a), 
and second and third-instar, pupal and teneral adult Phyllophaga 
spp. (Guppy and Harcourt, 1970), but it is not suitable for 
eggs and young larvae, many of which are missed (~., 
Burrage and Gyrisco, 1954a). Kain and Atkinson (1971) found 
that hand-sorting recovere~ 74-85% of Costelytra zealandica 
eggs and first-instar larvae. In the present study this 
method was investigated for the extraction of the larger 
developmental stages, viz., second-instar larvae and all 
subsequent stages. 
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The first step in the hand-sorting method was to re-
move the soil core (or spade square) from its numbered bag 
and carefully break the soil up by hand on a metal sorting 
tray (plate 3-2) 'on a sorting table, tearing the turf 
apart and clearing all tufts of grass and clumps of roots 
of soil before discarding them. All grass grubs were re-
moved as they were found and placed in a container on the 
sorting table for counting. Once the soil core had been 
broken up finely, all of the soil was carefully sifted 
thr~ugh the fingers twice more (three times for second-
ins tar larvae) to locate grass grubs missed during the 
initial breaking up. 
Performance of the Hand-Sorting Method. To compare 
the percentage recovery of hand-sorting with that of 
flotation and wet sieving~ a series of sampling units were 
first extracted by the former method and then by the latter 
(which is described below). The grass grubs extracted by 
hand-sorting were returned to the soil prior to flotation. 
These tests were carried out with both cores and spade 
squares, and since sampling unit size did not appear to 
affect percentage recovery, the results for all tests were 
pooled for each developmental stage. The results are shown 
in table 3-4. For each stage the number recovered by hand-
sorting was first expressed as a percentage of the total 
number recovered by subsequent flotation and wet sieving. 
This figure was multiplied by the percentage recovery of the 
latter method (table 3-7, p.47 ) to calculate the percentage 
of the corrected total number of grass grubs present in the 
sample (column 5 in table 3-4) which were extracted by hand-
sorting. The corrected total represents all the grass grubs 
present, including those not extracted by flotation and wet 
sieving. For example, in the tests with second-instar larvae 
89.0% of the 400 larvae extracted by flotation and wet sieving 
were recovered by hand-sorting. Since the latter method 
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extracts, on average, 98% of all second-instar larvae pre-
sent in a soil sample (table 3-7), hand-sorting extracts 
0.89 x 98.0 = 87.2% of all second-instars. Table 3-4 shows 
that a high proportion of third-instar larvae and subsequent 
stages are recovered by hand-sorting, although the 
efficiency is lower for the smaller second-instar larvae. 
The figures in table 3-4 refer only to undamaged 
grass grubs; those damaged during sampling were omitted 
from the calculations. In order to obtain a large enough 
sample, recovery of damaged grass grubs was investigated in 
a separate series of tests. In each of these tests a samp-
ling unit was taken from an area known to be free of 
Costelytra zealandica and seeded with a known number of grass 
grubs, using a cork borer. Prior to seeding, the grass grubs 
were crushed to simulate damage during sampling and the 
samples were left overnight before extraction. The number 
seeded was varied from unit to unit and in most tests was un-
known to the person who carried out the extraction. As with 
undamaged grubs, sampling unit size did not affect percentage 
recovery, and the results for cores and spade squares were 
therefore pooled for each stage. When hand-sorting was complet-
ed, the damaged grubs which had been recovered were counted 
and then returned to the soil, for extraction by flotation and 
wet si~ving. Table 3-5 shows the results of these tests. The 
fifth column of the table ("percentage recovery compared to 
flotation") gives the number recovered by hand-sorting expres-
sed as a percentage of the number recovered by flotation and 
wet sieving. Hand-sorting is clearly a lot less efficient than 
flotation and wet sieving in recovering damaged grubs. 
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Table 3-4. Percentage recovery of undamaged grass grubs 
by hand-sorting. 
--
No. of Total no.of Percentage Percentage 
sampling grass grubs of total of corrected 
Stage units extracted by recovered total 
tested flotation & by hand- extracted by 
wet sieving sorting hand-sorting 
(see text) 
2nd ins tar 194 400 89.0 87.2 
3rd ins tar 230 672 97.7 97.3 
iPrepupa 129 109 97.2 95.5 
!pupa 157 194 98.4 97.5 
~eneral 
beetle 153 253 98.8 98.3 
. .....-'--. 
Table 3-5. Percentage recovery by hand-sorting of grass 
grubs damaged during sampling. 
t---" 
No. of Total no. of Percentage Percentage 
~tage tests grass grubs recovery recovery 
used of total compared to 
flotation 
.-
~i1d ins tar 29 200 40.0 41 .8 
~rd instar 38 250 54.4 56.4 
IPrepupa 10 120 59.1 61.2 
tpupa 10 100 53.0 55.2 
~eneral 
beetle 10 110 56.3 58.4 
"-----.--
.'--'-'-.'-
... 
Table 3-6. Cost of processing sampling units when 
extraction is by hand-sorting. 
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Mins./unit (average) Average no.of units 
processed per 8-hour 
Stage man-day 
Core §.Eade square Core Spade 
2nd ins tar 11 .91 20.14 40 23 
3rd ins tar 7.28 15.20 65 31 
prepupa, pupa 
and teneral 
beetle 6.46 13.58 74 35 
The average costs of processing sampling units by 
hand-sorting are shown in table 3-6. Kelsey (1967) 
square 
claimed that it is possible for one man to take a 7in. spade 
square to a depth of 7in. and extract and count grass grubs 
by hand-sorting in one minute, but in my experience it 
would be impossible to make accurate counts at this speed 
of working. 
Dry Sieving. 
Dry sieving, in which the soil is broken up and shaken 
through a series of sieves, has been used to extract the 
smaller stages of some scarabaeids, ~., Burrage and 
Gyrisco (1954a), Carne (1956),Guppy and Harcourt (1970). 
Although dry sieving readily lends itself to mechanisation 
and various hand-operated (~, Carne, 1948), power-
operated (~., Lange, Akesson and Carlson, 1954) and 
tractor-mounted (~., Harlan, Stewart and Mitchell, 1970) 
devices have been described, Murphy (1962b) noted that the 
method usually involves a considerable amount of hand-sorting 
and may damage the more delicate stages of an insect. Dry 
sieving was investigated in this study as a possible method 
~ -~. ... . 
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for extracting eggs and first-instar larvae. Initial tests 
suggested that the method required too much hand-sorting to 
allow accurate extraction of these small stages, and since 
a rapid and accurate flotation and wet sieving technique was 
available dry sieving was not persevered with. 
Flotation and Wet Sieving. 
Review of Methods~ Ladell (1936) brought about a major 
advance in the extraction of macro-arthropods from agricul-
tural soils by introducing flotation in magnesium sulphate 
solution (specific gravity 1 ·11) to separate animal and plant 
material from denser soil particles, with aeration of the 
solution to assist separation. This flotation resulted in 
the concentration of the soil arthropods into a small volume 
of residue, less than 1% of the volume of the original soil. 
Ladell's flotation technique was the basis of the method 
developed by Salt and Hollick (1944) to extract wireworms 
from pastureland soils. The Salt and Hollick process in-
volved three basic steps: firstly, wet sieving, to break up 
the lumps of soil and release any wireworms they might contain, 
and to remove stones and large plant material; secondly, 
flotation in aerated magnesium sulphate solution, to separate 
animal and fine plant material from mineral soil particles; 
and thirdly, separation of wireworms from fine plant material 
by differential wetting in a mixture of water and a hydro-
carbon oil. By this method Salt and Hollick were able to 
extract over 99% of the wireworms in soil samples, including 
very small larvae. The Salt and Hollick extraction technique 
and modified versions of it have been widely used in studies 
of soil arthropods. For example, Cockbill et ale (1945) 
modified the process to allow more rapid extraction, and 
their method has been used in advisory work for a variety of 
economically important soil insects (Cohen, 1955), while 
Raw (1955) extended the Salt and Hollick process to the 
extraction of soil micro-arthropods. 
The advantages and disadvantages of the Salt and 
Hollick technique were discussed by Dobson (1955). The 
advantages include ability to extract insects from all 
types of soils, except those with a very high organic 
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matter content, soil samples do not have to be taken in an 
undisturbed condition, samples can be preserved indefinitely 
before processing, the method can be used for sedentary 
forms, and percentage recovery is independent of soil con-
ditions. In addition, sampling unit size can be consider-
ably more flexible than with behavioural methods (Macfadyen, 
1962). All of these advantages are important for population 
studies of Costelytra zealandica. The disadvantages include 
unsuitability for soils with much organic matter, most of 
the insects are killed during extraction, and the samples 
may have to be transported over considerable distances, 
although the last point is scarcely significant, as Kevan 
(1962) noted. Murphy (1962b) added the criticism that the 
catch is presented in an inconvenient manner after the oil-
water flotation. Further, the oil-separation stage is nut 
successful with someooil arthropods (Raw, 1962), although 
it may be possible to replace this step with a process in-
volving waterlogging of the plant material and separation 
by centrifuging in a saturated sodium chloride solution 
(Danthanarayana, 1966). The most relevant of these dis-
advantages to this study is the inability of Salt and Hollick 
flotation methods to reCover animals in a living state. This is 
mainly due to the oil-separation stage, ~., Ladell's (1936) 
original process did not harm the insects extracted. 
While flotation methods involve a lot more work than 
behavioural methods, they make it possible to satisfy the 
four criteria given below (p.51. ), particularly the attain-
ment of a consistently high percentage recovery. Even Cockbill 
et aI's modification, which sacrificed the very high recovery 
of Salt and Hollick's original method for an increased rate 
:-" .. _-.,: .:.---- -".,._ .. -
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of processing, still recovered 95% of the wireworms. The 
most difficult criterion to satisfy with flotation methods 
is the achievement of a fast rate of processing. The 
original methods were very slow: 30-40 man-minutes for a 
3in~ b~ 4in. by 9in. volume of soil (Ladell, 1936), and 1t 
man-hours per sampling unit (Salt and Hollick, 1944). 
Strickland (1945) used an extraction process which was basic-
ally similar to Salt and Hollick's, but without a wet sieving 
stage. He could only process approximately one 3.6in. 
diameter, 3in. deep soil core per man-hour. Cockbill et ale 
(1945) achieved a rate of 13 units per man-hour by bulking 
4in. diameter soil cores into groups of ten, but in doing so 
they sacrificed the additional information provided by the 
counts from individual cores. When processing cores singly 
they could only handle two per man-hour. Edwards, Whiting 
and Heath (1970) recently described a modified Salt and 
Hollick process in which the wet sieving stage is completely 
mechanised, the soil being broken up in rotating cylinders 
under a fan-shaped jet of water. This process did not lead 
to a major improve~ent over Salt and Hollick's in terms of 
processing time, since only two soil cores were processed 
per man-hour, with two operators, while the abrasive water 
jets could damage less robust soil animals. 
It appears that a more rapid rate of processing (5-10 
sampling units per man-hour or better) can only be achieved 
with flotation methods when it is possible to omit the last 
stage of the Salt and Hollick process, viz., oil separation, 
i.e., by returning to a speeded-up Ladell process or some-
thing similar. Thus Read (1958) broke up soil samples in a 
mesh cylinder which was half submerged in a tank of water 
and revolved while being sprayed with water from a hose. 
After 20 or so revolutions the soil and other fine debris 
had passed out of the cylinder, which retained the larger 
insects and plant material. These were separated by 
flotation and hand-picking. Read was able to process a 
cubic foot of soil in less than 5 minutes, with 100% re-
covery of macro-arthropods. Mayor and Browne (1964) des-
cribed a process for extracting leatherjackets and other 
large soil animals which involved breaking up the soil in 
aerated water and passing the animal and plant material 
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over three sieves. When washing had been completed the 
animals were removed by hand during flotation of the sieve 
contents in a brine bath. By this process 20 bulked 4in. by 
2!iri. cores were washed in approximately 10 minutes. (This 
apparently excluded the time taken for brine flotation). 
Feeney (1967) also achieved a fast processing rate in ex-
tracting leatherjackets from soil cores 4in. in diameter and 
3in. deep. By replacing the Salt and Hollick oil-separation 
stage with a process of pouring the floating plant and animal 
material into a shallow white dish, on which even first-instar 
leatherjackets were easily seen against the white background, 
Feeney was able to extract a single core in 8-9 minutes on 
average, using both a standard and a modified Salt and 
Hollick apparatus. This represents a processing rate of 
approximately 7 cores per man-hour. Omission of the oil-
separation stage in the extraction of macro-arthropods has 
a two-fold advantage: as well as speeding up the processing 
rate, it enables most of the insects to be recovered alive. 
Description of the Flotation and Wet·. Sieving Method. 
The process used in this study was developed by Kain and 
Atkinson (1971), and is based on the initial steps of the 
modified Ladell process of Edwards and Dennis (1962). Kain 
and Atkinson have successfully used this process to extract 
all stages of the grass grub's life cycle from soil samples 
taken in various North Island localities (Waikato, Taupo and 
Hawkes Bay). The object of the present study was to test the 
method in Canterbury, where non-irrigated soils are generally 
drier and harder during summer than in the above North Island 
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areas. 
The layout of the extraction unit is shown diagram-
matically in fig. 3-2, which shows both overall floor plan 
and lateral sectional elevation of the washing bay. The 
process involves four steps: breaking up the soil, 
flotation, wet sieving and inspection, counting and re-
cording. These steps will be described separately. 
Breaking up the soil. The sampling unit was removed 
from its numbered polythene or cloth bag, placed on a metal 
so~ting tray on the sorting table, and the bag number re-
corded. The soil was then carefully broken up by hand, and 
the turf carefully torn into small pieces. Stones, large 
tufts of grass and large roots were cleared of soil and 
discarded. Breaking up was completed when the soil was 
in a finely divided state suitable for flotation. Ideally, 
the soil should have been broken up until there were no 
lumps of soil larger than the developmental stage of Costelytra 
zealandica being counted, to ensure that none were trapped 
within lumps of soil and sank during flotation. For third-
instar larvae and older stages, this entailed breaking up 
the soil until no lumps larger than about 1.0cm. remained 
(cf.plate 2-1). The same applied for eggs, which are laid 
in a chamber excavated by the female beetle. For first 
and second-instar, the soil should ideally have been broken 
up until no lumps larger than O.3cm. and O.6cm. in diameter, 
respectively, remained. 
The sandy silt loams encountered in this study are 
readily crumbled, except when very dry. The usual procedure 
adopted was to break the soil up until no lumps larger than 
O.5-1.0cm. remained, by which time most of the particles 
were very much smaller. When extracting first and second-
ins tar larvae, the soil was broken up a little further, 
until no particles larger than approximately O.5cm. diameter 
remained. Unfortunately, sampling first and second-instars 
- '-.-.': <._.~- . - >-':'0'-'; ~._ :,,_, ;.: _ .. _ . _ .. - -.' .. '.' - ... 
· .. , .'_" .'_.;. •... O.L._._ .... ___ . 
FIG. 3 .. 2 O. DIAGRAM OF FLOOR PLAN OF FLOTATION AND 
WET SIEVING EXTRACTION UNIT. (Key given In 
fig. 3-2 b.) 
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FIG.3-2b. LATERAL SECTIONAL ELEVATION OF WASHING 
BAY OF FLOTATION AND WET SIEVING 
EXTRACTION UNIT. 
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coincides with the period when Canterbury soils are driest 
and hardest (January and February), so' that the extra 
breaking up required a significant amount of extra work. 
However, by the time the breaking up of the soil had been 
completed, all of the larger remaining soil particles had 
been through the operator's hands at least once. Since the 
presence of an insect within a lump of soil weakens that 
lump's resistance to external pressure (Salt and Hollick, 
1944), it seems highly unlikely that a significant number 
of grass grubs was lost through failure to break the soil 
up sufficiently. 
Breaking up was done carefully by hand, rather than 
by using a jet of high pressure tap water, in order to 
minimize damage to the grass grubs. In practice, a 
negligible proportion of the grass grubs were damaged during 
the breaking up of the soil (judging from the recovery tests 
described on p. 46 ), providing the operator worked care-
fully. 
Flotation. The next step was to separate the animal 
and plant material from the denser soil particles by flo-
tation in a sodium chloride solution (specific gravity 1.10). 
A 15.4 litre plastic bucket on the bucket stand was partly 
filled with sodium chloride solution, which was on tap and 
was brought up from the storage tank by the pump, and the 
perforated nozzle of the compressed air outlet was dropped 
into the bucket so that it rested on the bottom. The broken 
up soil was then carefully sprinkled over the surface of the 
salt solution by slowly pouring it out of the sorting tray. 
The air bubbling up through the solution (at 5-101b./sq.in.) 
ensured that there was sufficient mixing of soil and solution 
to prevent any grass grubs from being carried to the bottom 
of the bucket and trapped in the soil which settled there. 
It was important to be reasonably careful when sprinkling 
the soil into the bucket, especially with eggs and first-instar 
larvae. If the soil was poured in too fast, some grass 
grubs were trapped in the soil at the bottom of the 
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bucket and consequently lost. Once all the soil had been 
sprinkled into the bucket from the sorting tray, the 
compressed air outlet was removed. The salt solution was 
checked regularly with a hydrometer to ensure that the 
specific gravity did not fall below 1.09-1.10, which is the 
level necessary to ensure flotation of all stages of 
Costelytra zealandica (Kain and Atkinson, 1971) • 
. Wet sieving. Wet sieving was used to remove both 
coarse and very fine organic matter from the animal and 
plant material obtained by flotation. The sodium chloride 
solution, containing all the buoyant material, was decanted 
from the bucket through two sieves situated over the drain-
age sink. The upper sieve had 1.18 meshes per cm. (3 per in.) 
(aperture size 6.35mm.). The lower sieve was interchangeable 
and had 11.81 meshes per cm. (30 per in.) (aperture size 
0.63mm.) for eggs and first-instar larvae, 4.72 meshes per 
cm. (12 per in.) (aperture size 1.58mm.) for second-instar 
larvae, and 2.36 meshes per cm. (6per in.) (aperture size 
3.17mm.) for third-instar larvae, prepupae, pupae and beetles. 
The sodium chloride solution (along with material small 
enough to pass the lower sieve) passed through the drain-
age sink into the salt drain and thence via the sediment 
tank into the storage tank for recirculation. The fine mesh 
barrier between the sediment tank and the storage tank pre-
vented fine plant material and soil particles from entering 
the storage tank and hence the pump. The soil particles 
eventually settled out on the bottom of the sediment.tank, 
which was periodically cleaned out. The salt solution in the 
storage tank was replenished as required. 
After the salt solution had been decanted, some buoyant 
material usually remained on the sides of the bucket and 
sometimes on the surface of the soil. The bucket was there-
fore held above the sieves, still in the pouring position, 
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while salt solution was hosed over the insides of the bucket 
so that it swept over the soil surface, carrying any buoyant 
material on to th~ sieves. (A flexible length of PVC tubing, 
1.25cm. in diameter, attached to the salt solution tap, 
allowed the salt solution to be directed either through the 
sieves or into the bucket on the bucket stand). The soil 
which remained in the bucket was then discarded. It was 
tipped into a wheelbarrow, and when the latter was full its 
contents were dumped on to a trailer outside. The empty 
bucket was then placed back on the bucket stand, and the 
contents of the sieves were washed from above with reticulated 
sodium chloride solution. This washed material small enough 
to pass the upper sieve on to the lower sieve, and removed 
most of the fine debris small enough to pass the lower sieve. 
The salt solution, of course, passed back into the storage 
tank for recirculation. During this wet sieving process, 
pieces of turf and clumps of roots on the upper sieve were 
further torn apart by hand while being washed with salt 
solution, to ensure that no grass grubs were trapped in them. 
When the wet sieving had been completed, pasture foliage, 
long root fibres and other large debris were retained on the 
upper sieve and grass grubs, along with other macro-arthropods, 
smaller roots and soil particles on the lower sieve. The 
salt solution was then directed back into the bucket, which 
was thus filling ready for the next sampling unit while the 
contents of the lower sieve were being inspected. 
Inspection, counting and recording. The lower sieve 
was removed from its position above the drainage sink and 
placed in the inspection bath, which contained salt solution 
from the storage tank. The animal and plant material on the 
sieve floated to the surface in the inspection bath, while 
soil particles (of which there was usually only a small 
amount) remained on the bottom of the sieve. Grass grubs 
were separated visually from the fine plant debris and 
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organic matter. A fine paint-brush was used to stir up the 
sieve contents, ensuring that nothing buoyant was trapped 
in the mesh of the sieve, and also to pick up grass grubs 
and other soil fauna of interest. The sieve contents were 
searched through systematically and then given another stir 
with the brush before the next search. This procedure was 
continued until two successive searches revealed no grass 
grubs, when it was found to be safe to assume that there 
were no more grass grubs present. In practice, if a sampling 
unit contained any grass grubs most of these were fairly 
obvious on the first inspection. This was true for the amall 
stages as well as the large. The procedure adopted was to 
first remove all the obvious grass grubs (and any other 
fauna of interest) and then carry out systematic searches 
until two successive searches revealed nothing. Two 
successive "zeroes" were necessary with all stages, to ensure 
that any grass grubs damaged during sampling were recovered, 
even though all undamaged third-instar larvae, prepupae, 
pupae, and beetles were easily found during the initial 
inspection. 
All grass grubs were rinsed in tap water on being re-
moved from the inspection bath. It was usual practice in 
this study to count the grubs as they were removed. At the 
end of inspection the number found was written into the 
recording notebook beside the bag number of the sampling unit. 
The lower sieve was then removed from the inspection bath and 
cleaned with tap water from the rubber hose, the sieve 
contents being washed into the main drain. The upper sieve 
contents were removed by hand, and both sieves returned to 
their positions above the drainage sink, ready for the next 
sampling unit. 
There are minor differences between the technique used 
in this study and the original method of Kain and Atkinson, 
~., they used reticulated magnesium sulphate solution. 
46. 
Sodium chloride, in the form of agricultural rock salt, was 
used in this study, mainly because it is cheaper and a 
supply was readily available. The extraction unit shown 
in fig. 3-2 was situated in a modified former animal house 
with concrete floor and walls, rather than in a specially 
constructed building, and it was therefore not possible to 
include some of Kain and Atkinson's labour-saving devices, 
such as a conveyor belt for transporting discarded soil out 
of the building and on to a trailer • 
. Performance of the Flotation and Wet Sieving Method~ 
The percentage of grass grubs recovered by the flotation 
and wet sieving method was investigated in a series of 
tests carried out during the course of this study. In each 
test a sampling unit was taken from an area knewn to be free 
of Costelytra zealandica and a known number of grass grubs 
seeded into it, using a cork borer. The number seeded was 
varied from unit to unit and was usually unknown to the 
person who performed the extractions. Separate tests were 
carried out for undamaged grass grubs and grass grubs damaged 
during sampling. The latter have already been described 
(p. 32) for second-instar larvae and larger stages, and 
similar tests were performed with eggs and first-instars. 
Since percentage recoveries were similar for both cores and 
spade squares, the results for both sampling units were 
pooled for each stage. The results are shown in tables 3-7 
and 3-8. 
Flotation and wet sieving extracts a very high proportion 
of all stages, apart from damaged eggs and first-instar larvae, 
some of which apparently adhere to soil particles and sink 
during flotation. To investigate the possibility of damaged 
grass grubs decomposing during storage to the point where 
they coUhl no longer be recognized during extraction, some 
sampling units were seeded and then stored in the cool store 
at 2_4.5 0 C for periods of up to ten days before being processed. 
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Table 3-7. Recovery of undamaged grass grubs by flotation 
and wet sieving. 
No. of Total no. of grass Percentage 
Stage tests grubs used recovered 
-
.-
egg 54 1,000 98.9 
1 st ins tar 30 300 97.6 
2nd instar 25 200 98.0 
3rq. instar 42 500 99.6 
prepupa 11 120 98.3 
pupa 10 120 99.1 
teneral 
beetle 28 200 99.5 
Table 3-8. Recovery by flotation and wet sieving of grass 
grubs damaged during sampling • 
No. of 
Stage tests 
egg 50 
1 st ins tar 25 
2nd ins tar 29 
3rd instar 38 
prepupa 10 
pupa 10 
teneral 
beetle 10 
Total no. of grass 
grubs used 
500 
150 
200 
250 
120 
100 
110 
. -r--'--
Percen 
recove 
72.4 
74.0 
95.5 
96.4 
96.6 
96.0 
96.3 
tage 
red 
- -'-'~-- '. - ... :.: .... ~ 
C-.... ~ __ . .• __ 
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Storage was found to have no effect on percentage recovery 
of damaged grubs. In the recovery tests with undamaged 
grass grubs, virtually all of the grubs recovered were not 
damaged during extraction, the exceptions being the delicate 
prepupal and pupal stages. While a negligible proportion of 
these two stages was damaged during breaking up of the soil, 
providing the operator was careful, approximately 20-30% 
were slightly to moderately damaged on the sieves during wet 
sieving. 
'This extraction method could undoubtedly be used for 
extracting other soil macro-arthropods, and in this study 
its efficiency was investigated for extracting the centipede 
Zelanion morbosus (Hutton) and the staphylinid Leptacinus 
labralis (Brn) , both of which are predators of the younger 
stages of Costelytra zealandica. Recovery tests showed that 
approximately 95% of both ~. morbosus over 2.0cm. long and 
adults of k. labralis were extracted, using the same sized 
lower sieve as for Costelytra zealandica eggs. 
The processing time for flotation and wet sieving 
varies with the soil conditions, the stage being counted and 
grass grub density. Average processing times with one 
operator are shown in table 3-9 for cores and table 3-10 for 
spade squares. 
Processing time decreases with successive stages of 
the life cycle, mainly because of decrease in the time 
required for breaking up the soil and inspection and re-
cording. The soil has to be broken up more finely for the 
smaller stages, and first and second-instar larvae are 
sampled when Canterbury soils are typically dry and hard 
(in non-irrigated areas) and therefore more difficult to 
break up. With eggs, the top 1-11cm. (1in.) of turf and 
soil was discarded before breaking the soil up, since eggs 
were found to always occur at greater depths, and this 
accounts for the smaller breaking up times for eggs than for 
----"'.,-
---:--.-.. ';-.-
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Table 3-9. Average processing times for the extraction of 
Costelytra zealandica from soil cores by 
flotation and wet sieving (mins./unit). 
~tage Egg 1st instar 2nd ins tar 3rd instar prepupa 
and 
operation~ pupa 
Breaking up soil 3.17 3.48 3.41 2.41 2.39 
Flotation 0.92 0.91 0.85 0.77 0.78 
_. 
Wet sieving 1 .25 1 .20 1.04 0.94 0.98 
_. 
Inspection and 
recording 4.18 3.73 2.57 1.87 1 .42 
_. 
Cleaning sieves 0.34 0.41 0.39 0.33 0.36 
--
Total 9.86 9.73 8.26 6.32 5.93 
No. of units 
processed per 48 49 58 75 80 
8-hour man-day 
first and second-instar larvae. The successive decreases in 
inspection and recording times reflect a steady decline in 
grass grub density through the life cycle and an increase in 
body size (up to third-instar). The relationship between 
inspection and recording time (Y) and the number of grass 
grubs per sampling unit (X) was investigated for the extraction 
of eggs from spade squares; Y and X were found to be related 
by the regression equation: 
Y = 0.124X + 4.531 
where Y is in minutes. The correlation between Y and X was 
highly significant (!' = 0.72, P < 0.001 ) • The figure of 
6.51 mins./unit in table 3-10 represents the inspection and 
- - '. --'-.>:-~ >:. 
, - ."_ -__ '. __ '_-.' -- .. o·~_-. ~ 0_- .. _ 
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Table 3-10. Average processing times for the extraction of 
Costelytra zealandica from spade squares by 
flotation and wet sieving (mins./unit). 
~. stage Egg 1 st ins tar 3rd ins tar teneral 
operation~ beetle 
---. 
Breaking up soil 6.38 7.42 5.64 5.70 
Flotation 2.04 2.01 1 .73 1 .64 
Wet sieving 2.31 2.59 2.11 2.09 
Inspection and 
recording 6.51 5.40 3.68 2.84 
Cleaning sieves 0.66 0.70 0.70 0.70 
Total n 7.90 18.12 13.86 12.97 
-
No. of units 
processed per 26 26 34 37 
8-hour man-day 
recording time when X = 16, which was about the average 
number of eggs found in spade squares in this study. 
For most of this study all sampling and extraction was 
conducted alone, but through the kindness of Dr. J. A. Gibb 
(Director, Ecology Division, D. S. I. R.) a female technical 
assistant was employed for six weeks during the 1969-70 
summer. During this period extraction was carried out by 
two operators, one of whom was responsible for breaking up 
the soil, flotation and wet sieving and the other for in-
spection and recording and cleaning the sieves. Average 
processing times dropped to a little over half those for one 
operator, ~., extraction of eggs from spade squares with 
two operators averaged 10.22mins. per unit, representing 
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approximately 46 units per 8-hour day (23 units per 8-hour 
man-day). The flotation and wet sieving process can be 
carried out at approximately the same rate (in units per 
man-hour) with from one to four operators ~ecause division 
of labour can be very flexible, with concentration at the 
operation ( usually breaking up the soil or inspection and 
recording) which causes a bottle-neck at any particular 
time. Kain and Atkinson (1971) achieved average processing 
rates of 75 and 119 cores per man-day for eggs and teneral 
beetles respectively, with teams of two to four operators. 
This is considerably faster than the processing rates 
achieved in this study (table 3-9), possibly because Kain 
and Atkinson's extraction unit includes such labour-saving 
devices as a conveyor belt for removing discarded soil and 
roller races for transporting sieves from the drainage sink 
to the inspection bay. 
Compari~~ of Flotation and Wet Sievigg with Hand-
Sorting. Kain and Atkinson (1971) list four properties 
which an extraction method suitable for population studies 
of Costelytra zealandica should ideally possess: 
1. Recovery of an acceptable percentage of all 
developmental stages sampled. 
2. A fast processing rate. 
3. Ability to recover grass grub cadavers, which are 
often useful for assessing causes of mortality. 
4. Ability to extract living grass grubs without 
impairing their viability. 
Considering the first two of these properties, flotation and 
wet sieving is superior to hand-sorting in terms of both 
percentage recovery (tables 3-4, 3-5, 3-7 and 3-8) and 
processing times (tables 3-6, 3-9 and 3-10) and is the only 
method feasible for eggs and first-instar larvae. Flotation 
and wet sieving also has the advantage of requiring less 
concentration, since it is only during the inspection and 
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recording phase that the operator has to concentrate on 
searching for grass grubs. In hand-sorting, it is necessary 
to concentrate on searching for a high proportion of the total 
processing time.Wiihregard to the first property, it is 
necessary to define an acceptable percentage recovery. As 
Cockbill et ale (1945) and Morris (1960) have pointed out, 
there is little point in concentrating on the achievement of 
a very high percentage recovery, ~., 99% or better, when 
the variation between sampling units often makes it very 
difficult .to obtain estimates of insect population densities 
with standard errors smaller than about 10% of the mean. 
The percentage of grubs recovered by flotation and wet 
sieving which had been damaged during sampling rarely 
exceeded 5% for eggs and first-instars and 20% for the larger 
stages. Therefore, from the recoveries given in tables 3-7 
and 3-8, the percentage recovery was 95% or better for eggs 
and first-instars and at least 97-98% for the larger stages, 
which is entirely satisfactory for population studies. 
Flotation and wet sieving is much more efficient than 
hand-sorting in recovering cadavers. Although extensive 
recovery trials were not carried out, recovery of cadavers 
(mainly Costelytra zealandica killed by fungus diseases) 
appeared to be similar to that of damaged grubs for both 
extraction methods. Kain and Atkinson (1971) reported that 
the recovery of cadavers by flotation and wet sieving was the 
same as for living grass grubs. Like hand-sorting, the 
flotation and wet sieving method does not affect the viability 
of any stages of Costelytra zealandica, provided they are 
rinsed in fresh water soon after extraction. For example, in 
a test with eggs it was found that the hatching success was 
95% for eggs extracted by hand, 96% for eggs extracted by 
flotation and rinsed in water, and 47% for eggs extracted by 
flotation and not rinsed. Kain and Atkinson (QE. cit.) 
obtained similar results in tests on the viability of ex-
tracted larvae and beetles. However 20-30% of prepupae and 
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pupae are damaged during wet sieving, so that hand-sorting 
has less effect on the viability of these stages. Kain and 
Atkinson prefer hand-sorting for the extraction of pupae 
from cores for this reason. In this study, flotation and 
wet sieving was used to extract prepupae and pupae, but a 
large proportion were discovered during breaking up of the 
soil and removed prior to flotation. 
In general, Kain and Atkinson's flotation and wet 
sieving technique is superior to hand-sorting and was there-
fore used throughout this study for all stages. This method 
is highly suitable for population studies of Costelytra 
zealandica since it is not only accurate b¥t also, through 
the introduction of a flotation step prior to wet sieving 
and the use of reticulated, recirculating salt solution, 
allows a rapid enough processing rate to make intensive 
sampling of all stages of Costelytra zealandica feasible. 
TOTAL COST OF SAMPLING AND EXTRACTION 
By combining the information presented in tables 3-2, 
3-3, 3-9, and 3-10, the total cost of sampling Costelytra 
zealandica populations, including extraction can be calcu-
lated (tables 3-11 and 3-12). In calculating the total 
costs per unit in tables 3-11 and 3-12 a constant amount of 
one minute per unit was added to the times given in earlier 
tables, to allow for such activities as obtaining the vehicle 
and trailer and sampling equipment prior to sampling, re-
plenishing the salt solution in the storage tanks, cleaning 
out the sediment tank and hosing down the extraction labora-
tory. The times given in tables 3-11 and 3-12 refer to a 
single operator. However the sampling and extraction methods 
of Kain and Young (1971) and Kain and Atkinson (1971) can be 
operated with similar efficiency by from one to four workers, 
and judging from the results of these authors in studying 
Costelytra zealandica populations in various parts of the 
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Table 3-11. Total cost of intensive sampling of Costelytra 
zealandica populations with cores (mins./unit). 
Cost of Cost of Total cost No. of units 
Stage sampling extraction (see text) handled per 
8-hour 
man-day 
egg 3.65 9.86 14.51 33 
1 st instar 3.65 9.73 14.38 33 
2nd .instar 3.65 8.26 12.91 37 
3rd instar 2.87 6.32 10.19 47 
prepupa, pupa 
and teneral 
beetle L8 5.93 9.71 49 
--
Table 3-12. Total cost of intensive sampling of Costelytra 
zealandica populations with spade squares 
(mins. /uni t). (Cost of sampling = 3. 62mins. / 
unit for all stages) 
Cost of extraction Total cost No. of units 
Stage (see text) handled per 
8-hour man-
day 
egg 17.90 22.52 21 
1st ins tar 18.12 22.74 21 
3rd instar 13.86 18.48 25 
teneral 
beetle 12.97 17.59 27 
. --.. ,-.- .... - .. 
--.. ,---.-.--,'- -
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North Island, the handling rates (per man-hour) in tables 
3-11 and 3-12 are of the same order as those for a team of 
two to four operators working at a steady, comfortable speed. 
The sampling and extraction techniques developed by 
W.M. Kain and colleagues have thus made intensive sampling 
of Costelytra zealandica populations by a small team of 
workers highly feasible. In areas where Kain and Young's 
soil corer can not be used due to stony soils, the spade 
square sampling unit is adequate. While the spade square 
can be used for all stages on irrigated stony soils, this 
may not be true for the earlier stages of the grass grub life 
cycle on non-irrigated stony soils, but as was noted earlier, 
it should not be necessary to establish study plots on such 
areas in Canterbury. 
The total cost of intensive sampling of Costelytra 
zealandica populations is -probably exceptionally small for 
an insect which is completely subterranean for almost the 
entire life cycle. Several features of Costelytra 
zealandica make the development of reasonably cheap sampling 
and extraction techniques possible. Grass grub is largely 
a pest of lighter agricultural soils, which tend to be high 
in mineral content and low in organic matter, thus facili-
tating the use of mechanical extraction techniques. The 
smallest stages of the life cycle, eggs and first-instar 
larvae, are large enough to be extracted without the oil-
separation stage of the Salt and Hollick process. The 
characteristic ovoid shape, size (approximately 1.5mm. by 
1.0mm.) and light cream colour of the eggs makes it fairly 
easy for an experienced operator to pick them out of the mass 
of fine organic matter during inspection of the sieve 
contents, during the final stage of the flotation and wet 
sieving process. This is markedly different from the 
situation with some other soil macro-arthropods, whose eggs 
can only be accurately extracted by elaborate, time-consuming 
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processes (~., Doane, 1969). 
The vertical distribution of Costelytra zealandica 
also facilitates intensive sampling. Grass grub never 
extends into the subsoil, which means that it always occurs 
in the top 25~30cm. in light agricultural soils, unlike some 
other scarabaeids (~., Granovsky, 1958). Only the larger, 
more robust stages, viz., third-instar larvae, and to a 
lesser extent second-instar larvae, are concentrated in or 
near the turf mat in the top 1-2cm. of soil. The smaller 
stages (eggs and first-instars) and more delicate stages 
(prepupae and pupae) o~cur mainly or entirely below the 
turf mat. If eggs were concentrated in the turf, it would 
have to be broken up and washed very carefully to ensure that 
no eggs were trapped among the roots and that none were 
damaged during breaking up, which would considerably increase 
extraction time. In practice, however, the top 1tcm. of 
turf and soil can be discarded prior to extracting eggs. 
As well as reducing extraction time, this also decreases 
the amount of fine root material which is present on the 
lower sieve after wet sieving. Second and third-instar 
larvae are large and robust enough to be relatively easily 
separated from tangled grass roots without damage. For a 
soil insect, Costelytra zealandica appears to be particularly 
amenable to intensive population sampling. 
CHAPTER 4 
STATISTICAL ASPECTS OF SAMPLING 
GRASS GRUB POPULATIONS 
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In this study the object of sampling grass grub popu-
lations was to obtain an accurate, precise estimate of the 
population density, where accuracy and precision have the 
meanings given in most sampling texts (~., Cochran, 1963, 
p. 15-16; Sokal and Rohlf, 1969, p. 13). Accuracy can be 
defined as the closeness of the mean of a series of esti-
mates to the true population.density. If a source of bias 
systematically forces the estimates away from the true value, 
accuracy will be low. Precision is a measure of the repeat-
ability of a series of estimates and depends upon the 
statistical sampling error. Precision can be increased by 
increasing the sample size. The terms "sample" and "sampling 
unit" are often used synonymously in the literature, which 
can be confusing. Throughout this thesis "sample" is used 
to indicate a distinct set of observations (usually insect 
counts) made on a series of individual sampling units. 
"Sample size" thus re.fers to the number of sampling units 
which constitute a sample, while "sampling unit size" refers 
to the dimensions of an individual sampling unit. 
Morris (1960) listed three main aspects to the design 
of a sampling plan: selection of the universe to be sampled, 
selection of the sampling unit, and determination of the 
optimum distribution of sampling units within the universe. 
These three aspects will be discussed separately. 
SELECTION OF THE SAMPLING UNIVERSE 
In insect population sampling, the universe is regarded 
as the habitat in which the population occurs (Morris, 1955). 
In population studies it is usual to select a number of 
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separate small universes or study plots, in each of which 
the population dynamics of the species of interest is 
studied in detail. Each plot should be representative of 
important habitat 'conditions, small enough to be homogeneous 
with respect to these conditions throughout its area and yet 
large enough to permit census work on insectivorous verte-
brates (if these are likely to be significant), and readily 
accessible for sampling (Morris, 1955). In this study, 
plots 1-4 acres in'size were selected as described in 
chap·ter 3. 
SELECTION OF THE SAMPLING UNIT 
Literature review 
Ideally, selection of sampling unit size is based on 
a comparison of several different sized units with respect 
to variance and cost, the optimum size being that which 
obtains the required degree of precision for the minimum 
cost (~., Lyons, 1964). Earlier workers who sampled 
populations of soil insects concentrated on the variance 
aspect. For example, Fleming and Baker (1936) and Burrage and 
Gyrisco (1954b) found that the total area which had to be 
sampled to estimate larval scarabaeid populations with a 
specified precision was smaller with a sampling unit 1sq.ft. 
in surface area than with larger units. Similarly, in 
sampling wireworm populations Yates and Finney (1942) showed 
that 4in. diameter soil cores were superior to 6in. squares 
in terms of the total area sampled for the same precision, 
and Finney (1946) found that 2tin. diameter cores were better 
than 4in. cores. In fact, whenever the insects being sampled 
have a clumped or contagious distribution, the smaller the 
sampling unit, the smaller the total surface area (i.e., the 
total volume of soil) which has to be sampled to obtain a 
specified precision (Finney, 1946; Taylor, 1953). If the 
insects are randomly distributed the total area sampled to 
obtain a certain precision is the same for all sampling 
unit sizes. 
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Since insect populations are often contagiously 
distributed, this suggests that the smallest possible 
sampling unit should generally be used. However, the amount 
of labour involved in sampling a given volume of soil 
usually increases with decreasing sampling unit size since 
it takes longer to locate, dig and process a large number 
of small units than a small number of large ones, as pointed 
out 'by Finney (1946) and Burrage and Gyrisco (1954b) and 
shown by Lyons (1964). The optimum sampling unit size will 
therefore be in the range where the advantage of decreasing 
variance with decreasing size is balanced by the disadvantage 
of increasing cost. 
Sampli~units used in this study 
Because of the amount of labour involved in sampling 
Costelytra zealandica populations and the very limited man-
power available for the present study, a direct comparison 
of several different sized sampling units could not be 
contemplated. Instead, selection of sampling unit size was 
somewhat arbitrary. The two sampling units used, a 4in. 
diameter core and a 6in. spade square, were described in the 
previous chapter. A corer which takes a 4in. core is a 
convenient size to handle; a much larger corer would be too 
cumbersome. Further, Ke~sey (1967) stated that a statistical 
comparison of 1in., 2in. and 3in. diameter cores and 1ft. and 
6ft. square sampling units for C. zealandica larvae revealed 
that the cores,were considerably superior to the larger units 
and that the optimum core diameter was 3in. A 4in. diameter 
core thus appears to be a reasonably good size for sampling 
grass grub populations. On sto~ soils, where corers can not 
be used, a 6in. spade square is the smallest feasible sampling 
unit. 
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DISTRIBUTION OF SAMPLING UNITS 
Literature review 
In analysing sample counts of forest, orchard and crop 
insects it is usual to use the analysis of variance to 
detect major sources of variation and to estimate variance 
components, in order to determine the optimum distribution 
of sampling units (~., Morris, 1955; LeRoux and Reimer, 
1959; Harcourt, 1961). The required precision is usually set 
by designing the sampling plan so that the standard error 
is 10% of the sample mean, a degree of precision first 
suggested arbitrarily by Morris and since widely adhered to 
in insect population sampling. The number of sampling units 
necessary for a 10% relative standard error (n) is given by 
2 
~ !! = 
(0.1i)2 •••...•••.....•.•.••••••. (4.1) 
2 -where § and x are the sample variance and mean. 
In the case of sampling a pastureland soil insect such 
as Q. zealandica, where part of the plant does not form the 
sampling unit, sources of variation are restricted to areas 
within the study plot. Although systematic sampling has 
been applied successfully to some soil insects (Milne, 1959), 
stratified random sampling is the most generally applicable 
design in such studies. 
Stratified Random Sampling. In simple random sampling, 
sampling positions are located randomly within the study plot, 
with every sampling unit in the universe having an equal 
chance of selection. A simple random sample may sometimes 
give a poor representation of an insect population, 
particularly if the population has a patchy distribution, 
~., patches of high density may be under or over-represented 
in the sample. It is therefore preferable to use stratified 
random sampling (Finney, 1941a; Healy, 1962; Lyons, 1964), 
61 • 
in which the universe is divided up into a number of separate 
areas or strata and sampling units are located randomly with-
in each stratum. Stratified random sampling thus ensures 
a better coverage of the plot than simple random sampling. 
An important benefit of stratified random sampling is 
that the variance of the estimated population mean depends 
entirely upon the variation between sampling units within 
strata. The variation between strata means is eliminated 
from sampling error (Sampford, 1962, ch.6; Cochran, 1963, ch.5; 
Kis~, 1965, ch.3). If strata can be created so that the 
variation in popUlation density within each stratum is 
considerably less than the variation over the complete 
universe, stratification will produce a considerable gain in 
precision over simple random sampling. The basic formulae 
for stratified random sampling are as follows (Cochran, 1963, 
p.88-91 ) : 
x = IWh x h ••••••••••••••••••••••••• (4.2) 
...............•..... (4.3) 
where - is x the estimated popUlation mean 
Wh is the weight attached to the gth stratum 
-- is the xh sample mean for the nth stratum 
Nh is the total number of sampling units in the hth stratum 
N-is the total number of sampling units in the universe 
s- is the standard 
-x 
error of the estimated mean 
2 is the sample variance for the hth stratum ~h 
gh is the number of sampling units taken in the hth stratum. 
Formula 4.3 assumes that the sampling fractions are 
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negligible for all strata, which was always the case in this 
study. The above symbols are used with the meanings defined 
above throughout the rest of this chapter. 
The design of stratified random sampling involves two 
inter-related aspects: choice of strata and choice of 
sampling fractions. Choice of strata is essentially a 
subjective process and can be based on any suitable criteria 
which are in some way correlated with the characteristic to be 
mBasured, the object being to maximise homogeneity within 
strata and hence heterogeneity between strata means (Hansen, 
Hurwitz and Madow, 1953, p.229-231; Kish, 1965, p.100). 
There are two methods of allocating sampling fractions: 
proportional and optimum allocation. In proportional allo-
cation the sampling fraction is the same in every stratum, 
Dh 
i. e. , n = 
N 
, where n ( = L Dg ) is the total number 
of sampling units in the sample. In this case formulae 
4.2 and 4.3 reduce to (Cochran, 1963, p. 89-91) 
x 
and s- = 
-x 
I ng Xg 
n 
....................... (4.4) 
................... (4.5) 
2 If §h can be safely assumed to be the same in all strata, 
4.5 becomes (Cochran, 1963, p. 94) 
.§
-x = J _-ns~ .~ ....................... (4.6) 
where s2 is a pooled estimate of the within stratum variance 
-w 
calculated from an analysis of variance of the data. In 
practice with proportional allocation it is normally quite 
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safe to use the pooled variance estimate even when the 
within stratum variances differ widely, according to Yates 
(1965, p. 207). When the strata are of equal size formulae 
4.5 and 4.6 give ihe same result (Sampford, 1962, p. 94)~ 
One approach to choosing the number (and hence size) of 
strata to be sampled with proportional allocation is to have 
a large number of small strata, since the smaller the stratum 
the greater the chances of homogeneity. The largest possible 
number of equal-sized strata is ~, since there must be at 
leas~ two units from each stratum to estimate the within 
stratum variance. A two units per stratum design is often 
used when there are no clearly defined natural strata 
(Sampford, 1962, p.95). 
In the case of optimum allocation the object is to 
adjust the sampling fractions to either minimize the cost 
of obtaining a specified level of precision or maximize the 
precision for a given cost. If the cost of sampling is the 
same in all strata, the number of sampling units in each 
stratum is given by (Cochran, 1963, p.97) 
Wh .§h 
........•.....•....•... (4.7) 
Optimum allocation differs from proportional allocation in 
that the effect of differences among the within stratum 
standard deviations, as well as the effect of differences 
among the stratum means, is eliminated from the variance of 
the estimated mean (Cochran, 1963, p. 98-99). Stratified 
random sampling with optimum allocation will thus provide 
large gains in precision over simple random sampling when 
it is possible to select strata which differ widely in 
both means and variances. When allocation of sampling 
fractions is optimum the mean and its standard error should 
be estimated from formulae 4.2 and 4.3. Formula 4.3 
provides a valid estimate of the standard error even if the 
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within stratum variances are very differe.nt (Sampford, 1962, 
p. 192; Yates, 1965, p. 202). With optimum allocation the 
strata must be large enough to allow at least 6 sampling 
units to be taken 'from each stratum, so that xh and §~ are 
reliably estimated (Sampford, 1962, p. 76-77, 86-88).- In 
addition, most of the gains from optimum allocation come 
from the division of the universe into a few strata. Further 
subdivision will only provide small gains in precision, even 
when there is a strong correlation between the stratifying 
variable and the characteristic being measured (Cochran, 
1963, p. 133-135; Kish, 1965, p. 102). Cochran recommended 
6 as an upper limit to the number of strata. 
There are thus two possible strategies in using strati-
fied random sampling. In the absence of a stratifying 
variable which is closely correlated with the characteristic 
to be measured, ~., insect population density, a reasonable 
approach would be to divide the study plot into a number of 
equal-sized strata and sample with proportional allocation. 
This design would be unlikely to lead to major gains in 
precision over simple random sampling (Kish, 1965, p.88, 141; 
Snedecor and Cochran, 1967, p. 520), but it would ensure a 
satisfactory spread of sampling units over the plot and would 
not lead to a loss in precision unless the mean square among 
strata was smaller than that within strata (Cochran, 1963, 
p.99-100). Proportional allocation also has the minor 
advantages of being simple to apply and providing self-
weighting means (Kish, £E. cit., p.88). In sampling a patchily 
distributed soil insect population, proportional allocation 
with equal-sized strata could conceivably produce a large 
gain in precision if stratum size was reduced to the point 
where it coincided with the size of population aggregates 
(Abrahamsen, 1969). 
Alternatively, if it is possible to divide the universe 
into a few strata with widely different means and variances 
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optimum allocation should be used, with the values of 
§h for use in formula 4.7 obtained from pilot sampling or 
previous samples. 
Methods Used In This Stud~ 
Sampling at Lincoln. The major effort in investigating 
the feasibility of life table sampling of grass grub popu-
lations was made at the Lincoln plot, where the sampling 
unit was a 4in. diameter soil core. Stratified random 
samp~ing with both proportional and optimum allocation was 
investigated. 
Stratified random sampli~ with proportional allocation. 
This sampling design was used for the first three population 
samples taken at Lincoln, vi~., the egg, first-instar and 
second-instar samples for the 1968-69 grass grub generation. 
These and all other sample counts are listed in appendix 
VIII. The Lincoln plot was divided into 40 1 chain square 
strata or plotlets, a convenient size for the location of 
sampling positions. 
The 1968 egg sample comprised 400 cores, with 10 from 
each stratum. The standard error was estimated from formula 
4.6. The analysis is shown in table 4-1. The standard error 
for this large sample was 14.2% of the mean, reasonably close 
to the 10% level. s2 is an estimate of the variance of the 
-ran 
mean of a simple random sample of the same size, calculated 
from (Cochran, 1963, p. 137 ~ 140) 
2 N-n[ 2 Wh§~ s - -- '\W s - '\ - - + 
-ran- ~N L h-h L-n---
-h 
Comparison of s~ with s2 
L~ §~ 
llh 
allows the gain in precision from 
-x -ran 
stratification to be estimated. In this case s~ is 1 .005 
-x 
times s2 ,'so that stratification actually led to a slight 
-ran 
loss in precision, which resulted from the mean square 
between strata being greater than that within strata. The 
.. - .---._-.-•.. 
.' '.". --~ ~'- -- ; ..... ". . ... ',' ..... . ."- .-"--,--.. 
. - .. ,'-':' .... -.-.-.~;~: .. : .. -~~ -.~ .. -.--, .. --.. - -.---- ..... , .. -
• r. _ : .•. :«-_-,,',.<::. , <.~-; :-:':->.-:':: < ..... >-.-.;,- •... " 
. .:-:.:-:.:-> -- .. ,-:-~ : >--. 
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Table 4-1. Analysis of variance and 
1968 Lincoln egg sample. 
nal allocation. Symbols 
sample statistics for 
n = 400 with proportio-
in this and all sub-
sequent tables in this chapter as on p. 61 
Source 
_. 
Between strata 
Within strata 
Total 
x = 2.635 2 s 
-w 
2 
s- / 
-x 
2 
s = 1.005 
-ran 
Sum of squares Degrees of freedom 
2067.102 39 
20159.609 360 
22226.711 399 
55.998 s- = 0.374 = 14.2% of x 
-x 
Mean square 
53.002 
55.998 
--
n required for 10.0% relative 
simple random sampling 
proportional allocation 
s--
-x 
803. 
807(840). 
sample variance with a simple random sample of 400 cores is 
g iven by 400.s2 ,and substitution of this variance in 
-ran 
formula 4.1 (p.60 ) reveals that 803 cores would be required 
for a 10% relative standard error. Using s2 in formula 4.1 
-w 
shows that 807 cores would be required for the same precision 
with stratified random sampling, but in practice this ~ would 
have to be exactly divisible by 40, the number of strata. 
Stratified random sampling with square chain strata and pro-
portional allocation thus did not lead to increased precision 
over simple random sampling in this case, because variation 
>:-'.' 
:-.-::. - -:', ,,::.--".~-
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within strata was greater than that between strata. The 
former sampling design may still be preferable, since it 
ensures a good coverage of the study plots and the loss in 
precision was negligible. 
Analyses of the first and second-instar larval samples 
which were taken with a similar design are shown in tables 
4-2 and 4-3. In both of these samples stratified random 
sampling with proportional allocation led to a small gain in 
precision over simple random sampling. The sample size 
necessary for a 10% relative standard error declined from 
eggs to second-instar larvae, reflecting the decline in the 
skewness and variance of the frequency distributions. 
Transformation of counts. The analyses of variance in 
tables 4-1 to 4-3 were carried out on raw data. However, 
the analysis of variance is based on three assumptions: 
(1) the sample counts are normally distributed; 
(2) the variance is independent of the mean, i.e., the 
variances are homogeneous; 
(3) separate variance estimates are independent, i.e., 
the variances are additive; if these assumptions are 
not met the data should be transformed to a new scale where 
the assumptions are met (Sokal and Rohlf, 1969, ch.13). 
Assumption (2) is more important than assumption (1) (Hayman 
and Lowe, 1961) and transformations which ensure that (2) is 
valid usually also improve the validity of (3) (Bliss and 
Owen,1958). The transformation J = log (~+1) is often 
useful for distinctly aggregated counts (Bartlett, 1947), 
where ~ is the raw count. Various other transformations are 
available if the data fit the negative binomial distribution 
(Beall, 1942; Anscombe, 1948), and othe~have been proposed 
by Kleczkowski (1949) and Taylor (1961). 
None of the three samples (egg, first-instar and second-
instar) taken with proportional allocation fitted the negative 
binomial distribution (the fit was always tested by calculating 
·-; :-: .. -:-:-:.: - >:.~ < • ~ .: - < , - ~ - • : •• 
------ -.. - -. - .... -<. <. - - ".' -.. -.»-«--- _ .. " -- - -
. ,_ .. :-; .. 
. _ .... -.. _'.-: .. -.. -
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Table 4-2. Analysis of variance and sample statistics for 
1969 Lincoln first-instar sample. II = 240 with 
proportional allocation. 
Source Sum of squares Degrees of freedom Mean square 
Between strata 1251.064 39 32.078 
Within strata 4322.337 200 21 .611 
Total 5573.401 239 
-x = 2.450 2 s = 21.611 s- = 0.300 = 12.2% of -
-w -x 7° X 
2 
s- / 
-x 
2 
s = 0.927 
-ran 
simple random sampling 
proportional allocation 
II reqd. for 10.0% relative s-
-x 
389 
360 
--
the parameter ~ of the negative binomial by Fisher's maximum 
likelihood solution (Bliss and Fisher, 1953) and using 
Anscombe's (1950) T statistic). Three transformations were 
therefore tested for each of these samples: l = log (~+ 1); 
Kleczkowski's transformation y = log (x + c), where c is a 
- - - -
positive constant found from the regression of §h on xh ' Q 
being the absolute value of xh when §h = 0; and Taylor's 
(1961) power law l = ~!l, where l' = 1 -= ~ and 12 is the slope 
of the regression of log §~ on log xho The success of these 
transformations in stabilising the variance was determined 
..... _._._ . 
by calculating the correlation coefficients between the stra-
tum means and variances on the transformed scale (table 4-4). 
. . 
• , •• -.' -J_"_ < r.-.-_". -~~---:~ 
'".".-._-. 
"',-: ',',', < ' '.: ",' ,-,' 
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Table 4-3. Analysis of variance and sample statistics for 
1969 Lincoln second-instar sample. ~ = 360 with 
proportional allocation. 
Source Sum of squares Degrees of freedom Mean square 
Between strata 463.231 
Within strata 1944.224 
Total 2407.455 
-x 1.738 2 s = 6.075 
-w 
2 
s- / 
-x 
2 
s = 0.906 
-ran 
simple random sampling 
proportional allocation 
39 
320 
359 
s = 0.130 
-x 
11 .877 
6.075 
7.4% of :x 
g reqd. for 10.0% relative §:x 
222 
200 
In the case of the egg sample, which had a highly skew 
frequency distribution with 81% of the counts zeroes and the 
remainder containing 1 to 58 eggs (see appendix VIII), none 
of the transformations successfully stabilized the variance. 
Difficulties created by a large proportion of zero counts 
can be overcome by increasing sampling unit size by pooling 
sampling units (Pradhan and Menon, 1945 ; Spiller, 1952; 
Andersen, 1965). This was done for the egg sample as 
indicated by the parameter NLUMP in table 4-4. NLUMP = 1 
indicates that the original sampling units were used in the 
analysis, NLUMP = 2 indicates that the counts from individual 
units within strata were pooled into twos prior to analysis, 
.',. -. '.,' -
,'.',. ,.:-:<-:.', 
Table 4-4. Tests of success of transformations in stabilizing the variance. ! = 
correlation coefficient between stratum means and variances and has 
38 degrees of freedom in each case. P is the probability that the null 
hypothesis is accepted (as is the case in all statistical tests in 
this thesis). 
1st-instar 2nd-ins tar 
Transformation Egg sample sam}>le sam'Qle 
NLUMP = 1 NLUMP = 2 NLUMP = 3 NLUMP = 1 NLUMP = 1 
r--
!' P ! P l' P r P ~ P 
raw data 0.785 <0.001 0.760 <0.001 0.645 <0.001 0.908 <0.001 0.721 <0.001 
l = log(~ + 1) 0.895 <0.001 0.641 <0.001 0.193 >0.10 0.695 <0.001 0.482 <0.01 
y: = log(! + £) 0.898 <0.001 0.659 <0.001 0.339 <0.05 0.644 <0.001 0.479 <0.01 
(c = (c = (£ = (Q = (c = 
0:851 ) 1:716) 3.890) 0.550) 0.967) 
~ = xF 0.923 <0.001 0.749 <0.001 0.098 >0.10 0.297 >0.05 0.179 >0.10 
(p = (p = (p = (~ - (p -
-0.245) -n.081 ) 0:072 ) - .058) 0.188) 
--- --
--- -- ---~ ~-- '-----
I 
i 
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so that the sampling unit became two 4in. cores, and so on. 
Both y = log (!+1) and Taylor's power law transformation 
removed the correlation between stratum means and variances 
when the sampling unit was three 4in. cores. In the case 
of first and second-instar larvae pooling was not necessary, 
the power law transformation stabilizing the variance with 
the original sampling units. 
It is thus possible to transform the data obtained by 
stratified random sampling with proportional allocation so 
that the assumptionsof the analysis of variance are satis-
fied. This would allow the pooled within stratum variance 
(s2) to be estimated on the transformed scale, but diffi-
-w 
cuI ties arise in life table work when the variances are 
calculated in this manner. There is a strong argument for 
not transforming population counts for the analysis of vari-
ance unless the assumptions are seriously invalidated (LeRoux 
and Reimer, 1959; Abrahamsen and Strand, 1970), particularly 
as the arithmetic mean of the raw data, which provides an 
unbiassed estimate of the number of insects per unit area, 
is of primary interest in life table construction (van Emden, 
Jepson and Southwood, 1961; Lyons, 1964). While techniques 
are' available for obtaining unbiassed estimates in the 
original scale from statistics in the transformed scale 
(Finney, 1941b; Morris, 1955; Neyman and Scott, 1960), these 
were not considered in this study since stratified random 
sampling with optimum allocation was found to be a superior 
sample design and allowed the standard error to be calculated 
from formula 4.3 (p. 61), which does not assume homogeneity 
of the within stratum variances. 
Stratified random sampling with optimum allocation. 
Preliminary sampling of third-instar larvae at the Lincoln 
plot in the late winter of 1968 carried out with W. M. Kain 
revealed that almost all of the grass grubs were either with-
in or close by patches of visibly damaged pasture, while Kain 
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and Atkinson (1970) have since shown that over 90% of grass 
grub larval populations in Hawkes Bay are found within 
patches of damage and in the surrounding two foot margin. 
Pasture damage, which is visible in autumn and winter, 
therefore appears to be a highly suitable criterion for 
selecting strata. Four such strata were recognized in this 
study,as follows: 
stratum 1 - the damaged stratum, i.e., patches of 
visibly damaged pasture; 
stratum 2 - the 3ft. wide margins of damaged patches; 
. stratum 3 - areas 3-6ft. from damaged patches; 
stratum 4 - areas more than 6ft. from damaged patches. 
During the winter of 1969, when pasture damage was 
obvious, 60 sampling positions were located randomly within 
~each of the 40 square chain plotlets, using the wheel method 
{ 
described in chapter 3, and classified into the above strata. 
This allowed sampling positions to be accurately relocated 
even after visible pasture damage was no longer apparent, and 
at each subsequent sample the required number of positions 
for each stratum was selected randomly from the previously 
located (and unused) positions for that stratum. The 2400 
positions located randomly in the 1969 winter also allowed 
the percentage of the plot occupied by each stratum to be 
estimated, giving the following weights: 
W1 = 0.4196 W2 = 0.3420 W3 = 0.1088 W4 = 0.1296. 
The first sample to be taken with stratification 
according to visible pasture damage was the late third-ins tar 
sample of August, 1969, and the results are shown in table 
4-5. Allocation of sampling units among strata was arbitrary, 
since prior estimates of stratum variances were not available. 
The number of sampling units required in the hth stratum 
for a 10% relative standard error with optimum allocation 
was calculated from n
h 
= Wg§g. z=Wg§g (see appendix IX). 
(0.1x)2 
Although the arbitrary allocation gave very little 
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Table 4-5. Sample statistics for 1969 Lincoln late third-
instar sample; stratification based on visible 
pasture damage. n = 370. 
Stratum nh 
-
1 208 
2 78 
3 59 
4 25 
x = 0.729 
simple random 
----
-
2 
xh §h 
- -
"-
1.178 1 .731 
0.602 1 .567 
0.169 0.350 
0.080 0.076 
s- = 0.063 = 8.6% of x . 
-x s~ / 8 2 = 0.983 -x -ran 
n reqd. for 10.0% relative §i 
sampling 279 
optimum allocation !!1 = 113 
!!2 = 88 
!!3 = 14 
!!4 = 8 
n = 223 
- >-. ..;: .. 
. ,,-~ '. " .'.' .~- ---
---'", .... , 
~ ~ 
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improvement in precision over simple random sampling, 
because too many sampling units were taken from strata 3 
and 4, an allocation close to optimum would have led to a 
significant reduction in the sample size necessary for a 
10% relative standard error, since most of the population 
were in strata 1 and 2. 
The effect of stratifying by pasture damage on the 
1968 egg and 1969 first and second-instar samples, which 
were taken with proportional allocation in square chain 
plotlets, was investigated by relocating the sampling positions 
in July, 1969 and classifying them into damage strata 1 to 4. 
The sample positions for these three samples had originally 
been located by pacing. To avoid possible bias, the count 
made from each sampling unit was unknown to the person who 
relocated the positions. It was thus possible to reanalyze 
these samples with stratification by pasture damage (tables 
4-6 to 4-8). This procedure is not strictly valid, since the 
initial sampling design was stratified random rather than 
simple random, but it nevertheless gives a good idea of the 
effects of stratification by damage. The estimated sample 
sizes for a 10% relative standard error with simple random 
sampling differ from those in tables 4-1 to 4-3, reflecting 
the different analysis, but are of the same order. 
Tables 4-6 to 4-8 show that stratification by damage led 
to increased precision over the original proportional 
allocation even though the sampling positions were located 
without knowledge of the whereabouts of subsequent pasture 
damage, and that stratification by damage with optimum 
allocation would lead to a major reduction over both simple 
random sampling and ar$-stratification with 'proportional 
allocation (tables 4-1 to 4-3) in the number of sampling 
units required for a 10% relative standard error. The latter 
effect is most striking with the egg sample (table 4-6), 
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Table 4-6. Sample statistics for 1968 Lincoln egg sample; 
stratification based on visible pasture damage. 
!! = 400. 
Stratum -[1h xh 
- -
f---. 
1 157 6.643 
2 140 0.071 
3- 49 0.020 
4 54 0.000 
-x = 2.814 s- = 0.360 
-x 
simple random sampling 
optimum allocation 
2 §h 
-
115.538 
0.354 
0.020 
0.000 
= 12.8% of x. s~ / 
-x 
2 
s 
-ran 
= 0.880 
!! reqd. for 10.0% relative §i 
746 
[11 = 270 
[12 = 13 
n3 = 1 
1].4 = 0 
!! = 284 
- .-_-T·.·.-_ -.. :-_.>,: >~<'. :. ___ .;. ~ 
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Table 4-7. Sample statistics for 1969 Lincoln first-instar 
sample; stratification based on visible pasture 
damage. n = 240. 
Stratum nh 
-
1 103 
2· 76 
3 30 
4 31 
x = 2.403 
simple random 
-
2 
xh §h 
- -
5.476 37.016 
0.224 1 .456 
0.033 0.033 
0.193 1 .161 
s- = 0.257 = 10.7% of i. 
-x 
s~ / 
-x 
2 
s = 0.693 
-ran 
g reqd. for 10.0% relative §i 
sampling 397 
optimum allocation !!1 = 139 
n2 = 23 
n3 = 2 
!!4 = 8 
n = 172 
. - -.. ~. .' - .'. '.' - . -
-.00' __ 
: >·o'o-"·'_·~': >: 
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Table 4-8. Sample statistics for 1969 Lincoln second-instar 
sample; stratification based on visible pasture 
damage. !! = 360. 
Stratum 
1 
2 
3 
4 
x = 1.538 
-
2 
!!h xh ~ h 
- - -
176 3.159 8.271 
114 0.526 2.145 
3:4 0.235 0.427 
36 0.055 0.053 
s- = 0.103 = 6.7% of i. 
-x 
n reqd. for 
simple random sampling 
optimum allocation n1 
n2 
n3 
n4 
n 
s~ / 
-x 
10.0% 
261 
= 93 
= 39 
= 6 
= 3 
= 141 
2 
s = 0.622 
-ran 
relative s-
-x 
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almost all of the eggs occurring in the areas which subse-
quently showed visible pasture damage. There was a gradual 
outward movement of larvae during the life cycle, mainly 
into the 3ft. wide margin of undamaged pasture surrounding 
the damaged patches (tables 4-7, 4-8 and 4-5), presumably 
in search of food. 
Stratification by pasture damage thus led to a marked 
improvement in precision. A similar effect was apparent 
in other samples taken at Lincoln. The full staiistics 
for these samples are given in appendix X and the sample 
sizes required for a 10% relative standard error in table 
4-9. The grass grub population of the Lincoln plot suffered 
a marked decline as a result of a spring drought during the 
adult flight season in November, 1969, and numbers were low 
throughout 1970, accounting for the relatively high sample 
sizes required for the 1969-70 generation. The low population 
did not cause visible pasture damage in 1970 and stratifi-
cation was therefore based on the damage which had been 
apparent in 1969. It should thus be possible to markedly 
reduce the sample size required for a specified degree of 
precision in grass grub population sampling by stratifying 
according to pasture damage, with allocation of sampling 
units based on stratum standard deviations from previous 
samples and some allowance for outward movement of larvae. 
Accurate relocation of sampling positions, as by the wheel 
method, allows this sampling design to be applied to all 
stages of the life cycle. 
Application of the central limit theorem. The calculation 
of confidence intervals for estimated means is based on the 
central limit theorem, which states that the means of large 
samples are normally distributed with a standard deviation 
of (j / J ;Q., where 0" is the population standard deviation and 
;Q. is sample size. The sample size which is necessary before 
the central limit theorem can be safely applied increases 
-.-_-_~.:< >_,_< ~< :-_.~ ... : - 0 0 o. _ 0·. ,'_,_ • _ ••• __ •• 
, -" .. '- ..... ;.".; -.- '--... :.>~.-.=.>:-:-: .. -~ .-.-. -
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Table 4-9. Total sample size (n) required for 10.0% 
relative standard error. 
Sample II with simple ~ with stratification 
random sampling by damage and 
, optimum allocation 
1969 pupa 273 221 
19E?9 egg 1250 1012 
1970 1st-instar 452 384 
1970 2nd-ins tar 404 341 
1970 pupa 457 442 
1970 egg 979 786 
with the skewness of the population and sample frequency 
distributions (~., Snedecor and Cochran, 1967, p. 51-55). 
Since the frequency distributions for samples of the younger 
stages of the grass grub life cycle were highly skew, it 
was necessary to investigate the sample size required 
before the central limit theorem could be safely applied. 
Cochran (1963, p. 38-43) suggested that in the case of 
marked positive skewness, as encountered in this study, the 
central limit theorem or normal approximation can be safely 
applied when ~ > 25G~, where G1 is Fisher's measure of skew-
ness. In table 4-10 G1 and 25G~ for stratum 1 in popUlation 
samples of the 1968-69 grass grub generation at Lincoln are 
compared with the approximate sample size necessary in stratum 
1 for a 10% relative standard error (~1). The latter figure 
was obtained from the estimated sample size for stratification 
by pasture damage with optimum allocation (tables 4-5 to 
4-9), rounding these estimates upwards to allow for the fact 
that allocation can never be exactly optimum because of 
· : = ~'::'-':: : :-: - - = : : ;-
'.: :-: ;-:.:-;.:<- - - .. - - - - . ~.<-' .. -
- -.- - --. :-:-:-":-.-:-:",-:-:-:-:'-.«- -: .- .-
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changes in stratum standard deviations between sampling 
occasions. g1 is always well in excess of 25G~. By taking 
samples large enough to ensure that the relative standard 
error is approximately 10%, problems arising through the use 
of normal statistics with skew sample frequency distributions 
should therefore not arise. 
Table 4-10. Comparison of Fisher's measure of skewness 
(G1 ), 25G~, and approximate sample size 
necessary in stratum 1 for 10% relative 
standard error with stratification by pasture 
damage (g1)' for samples of 1968-69 grass grub 
generation at Lincoln. 
Sample G1 25G
2 
1 g1 
egg 2.017 101 .7 290 
1st-instar 1.655 68.5 150 
2nd-ins tar 1 .194 35.6 100 
late 3rd-instar 1 .229 37.7 130 
pupa 1.422 50.5 150 
Sampling at Winchmore. Sampling at the Winchmore and 
Weka Pass plots was restricted to exclusion studies but these 
were extended into life table sampling at Winchmore plot 1, 
where life tables for the 1969-70 grass grub generation were 
built for the populations of two adjacent 0.3 acre plots, 
one of which was caged to exclude birds during the autumn 
and winter. Each plot was divided into six 1 chain by t chain 
plotlets for sampling purposes. The grass grub populations 
caused moderate damage to the irrigated pasture (~., plate 
14-1) and while this damage could be readily detected by eye, 
.-:--.:---._:.:._-.-_._---- .. 
! .. 
i 
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with patches of brown pasture and dead stalks caused by grass 
grub attack, the patches were difficult to delineate accu-
rately, in contrast to the typical situation in non-irrigated 
pasture. In addition, grass grub numbers were almost as high 
in the surrounding green areas as in the browner patches, at 
least at the time of the early third-instar sample, when 
pasture damage was apparent. Stratification by pasture 
damage ~id not therefore seem applicable in this case. 1 chain 
by t chain plotlets could have been grouped into two strata 
according to whether or not they contained signs of pasture 
damage, but in practice all of the plotlets in both the 
caged and open 0.3 acre plots showed some damage. Sampling 
design was therefore stratified random with proportional 
allocation, an equal number of spade squares being taken 
from within each plotlet. 
An example of the analysis of one of these samples is 
shown in table 4~11. The standard error was calculated from 
formula 4.5 (p.62 ), which was equivalent to formula 4.6 in 
this case. Transformation of the counts to ensure homogeneity 
of the variances was not considered to be necessary, since 
the correlation coefficients between stratum means and vari-
ances were not significant more often than not (table 4-12). 
All samples were analysed by the method shown in table 4-11, 
and the estimated sample sizes for a 10% relative standard 
error with simple random sampling and stratified random 
sampling with optimum allocation are shown in table 4-13. 
Optimum allocation never led to more than a slight reduction 
in the required sample size, while the sample size necessary 
with proportional allocation was always intermediate between 
nand n in table 4-13, as in table 4-11. Although strati-
-~ -E 
fied random sampling with equal sized strata gave only slight 
gains in precision in these samples, it is preferable to 
simple random sampling since it provides replicates for ana-
lysis of grass grub survival as well as ensuring a good 
coverage of the plot in each sample. 
-.- '-".-."--; 
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Table 4-11. Sample statistics for 1969 egg sample in 
Winchmore caged 0.3 acre plot. n = 150. 
-
Plotl 
1 
2 
3 
4 
5 
6 
et 
x == 12.773 
simple random 
proportional 
-
2 
llh xh §h 
- - -
25 5.56 81.92 
25 22.76 756.19 
25 12.64 382.49 
25 12.00 225.33 
25 10.60 184.16 
25 13.08 320.24 
s- = 1.472 = 11.5% of x. 
-x s~ / -x 2 s = 0.954 -ran 
U reqd. for 10.0% relative §i 
sampling 209 
allocation 204 
optimum allocation [l1 = 16 
!!2 = 49 
!!3 == 35 
U4 = 27 
U5 = 24 
!!6 = 32 
!! = 183 
-".' <-.-
,-.:,:- --.: -':'-'.' .. "- --",. - . -. _ .. -,. -. - .... 
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Table 4-12. Correlation coefficients (£) between stratum 
means and variances of Winchmore samples, with 
4 degrees of freedom in each case. 
Caged plot Open plot 
--Sample 
r P £ P 
1969 egg 0.973 <0.01 0.847 <0.05 
1970 early 
3rd-instar 0.194 >0.10 0.156 >0.10 
1970 late 
3rd-instar 0.916 <0.01 0.498 >0.10 
1970 tene ral 
adult 0.391 >0.10 0.414 >0.10 
1970 egg 0.897 <0.02 0.611 >0.10 
Table 4-13. Sample size necessary for 10% relative standard 
error in Winchmore samples with simple random 
sampling (us) and stratified random sampling with 
optimum allocation (U
E
). 
Caged plot Open plot 
Sample 
n n n n 
-s 
-E -s -,E 
- -
--
1969 egg 209 183 105 99 
1970 early 
3rd-instar 93 85 40 39 
1970 late 
3rd-instar 104 88 40 43 
1970 teneral 
adult 88 83 53 54 
1970 egg 87 84 110 108 
.- C." ,. 
Table 4-14. The parameter ~ of the negative binomial 
distribution for Winchmore samples. 
Sample k (caged plot) k (open plot) 
- -
-
,-
1969 egg 
-
0.715 
1970 early 
3rd-instar 0.761 2.457 
1970 late 
3rd-instar 0.940 7.860 
1970 teneral adult 1 .058 7.061 
1970 egg 0.679 0.554 
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Spatial distribution. Since all stages of the life cycle 
were sampled with the same sampling design at" the caged and 
open Winchmore plots,the results are convenient for illu-
strating the change in dispersion from egg to adult. All 
counts fitted the negative binomial distribution with the 
exception of the 1969 egg count in the caged plot, and the 
k-values are shown in table 4-14. k is an index of aggre-
gtion, increasing from close to zero for very highly aggre-
gated distributions to large values as the distribution 
approaches randomness (Watersi 1959). There is a general ten-
dency for ~ to increase with development from egg to adult. 
The marked increase in ~ from egg to early third-ins tar in 
the open plot probably reflects lateral dispersal of young 
larvae, resulting in a less aggregated distribution. From 
early to late third-ins tar k increased only slightly in the 
caged plot but markedly in the open plot, where heavy starling 
predation caused density dependent mortality of third-instar 
larvae, as discussed in chapters 10, 11 and 15. 
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TOTAL COST OF POPULATION SAMPLING 
An approximate estimate of the total cost of life 
table sampling of grass grub populations in non-irrigated 
pastureland with a 4in. core sampling unit can be obtained 
by combining the information on sample size discussed in 
this chapter with knowledge of the cost of sampling and 
extraction (table 3-11, p.54). This is shown in table 
4-15. The sample sizes were obtained from tables 4-5 to 
4-9, using the results for the 1968-69 grass grub generation 
at Lincoln. The late third-instar figure (table 4-5) was 
used for prepupae in table 4-15, while the sample size for 
third-ins tar larvae was assumed to be intermediate between 
those for second-.instar larvae and prepupae ( in this study 
third-ins tar samples at Lincoln were based on exclusion 
areas, as described in chapters 8 and 10). The total cost 
of sampling is low enough to make life table studies in 
Canterbury by a team of 2-4 workers highly feasible. With 
lower population densities, as encountered in the 1969-70 
grass grub generation at Lincoln, larger samples would be 
necessary, and in such cases the specified precision may have 
to be lowered to a relative standard error of 15-20%. 
Similar calculations for sampling in irrigated pasture-
land with a 6in. spade square are shown in table 4-16,using 
the costs in table 3-12 (p. 54). Sample sizes for egg, third-
instar, prepupa and teneral adult were taken from table 4-
13, using the values for the caged plot to make the esti-
mates conservative. Sample sizes for first and second-instar 
larvae were estimated by assuming they would bear a similar 
relationship to the sample sizes for the other stages as in 
table 4-15. Since these projected sample sizes were based 
on a 0.3 acre plot they may underestimate the sample sizes 
necessary in a larger, more heterogeneous plot, although in 
the latter case it might be profitable to stratify 1 chain 
by t chain plotlets according to the degree of pasture 
- .-_.,.-._---; 
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damage. Clearly, life table studies of Costelytra zealandica 
are highly teasible in both irrigat~d and non-irrigated 
Canterbury pastureland. 
Table 4-15. Total cost of population sampling with a 4in. 
core sampling unit in non-irrigated Canterbury 
pastureland, where sampling design is strati-
fication by pasture damage with approximately 
optimum allocation and the relative standard 
error is 10% for all samples. 
=+-
-
stage Sample size Total ' cost 
(8-hour man-days) 
---
Egg 300 9.1 
1st-instar- 200 6.0 
2nd-instar 150 4.0 
3rd-instar 200 4.2 
prepupa 250 5.1 
pupa 240 4.9 
1---
Total 
cost =33.3 
f'<'·' .'.:. '-':'" ',--:.-.:-. 
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Table 4-16. Tot~l cost of population sampling with a 6in. 
spade square in irrigated Winchmore pasture-
land, where sampling design is stratified 
random with proportional allocation in 1 chain 
by t chain str~ta and the relative standard 
error is 10% for all samples. 
Stage Sample size Total cost 
(8-hour man-days) 
--
Egg 200 9.5 
1st-instar 130 6.2 
2nd-ins tar 90 4.2 
3rd-instar 90 3.6 
prepupa 100 3.7 
teneral adult 85 3.1 
1----.....- ---. 
Total 
cost =30.3 
.': "":._ .e. -:" • _, ,"_'. '. 
CHAPTER 5 
TIMING OF SAMPLING AND THE MEASUREMENT OF 
INDIVIDUAL MORTALITIES AND FECUNDITY 
Once satisfaotory sampling techniques are available 
88. 
for measuring the density of the surviving population at 
various stages of an insect's life cycle, the stages to be 
sampled must be decided and methods developed for deter-
mining the timing of sampling. Besides popUlation sampling, 
which enables age-interval and total generation mortalities 
to be estimated, full-scale life table studies entail the 
measurement of the mortality caused by individual factors 
and the measurement of fecundity. In this. chapter, the 
timing of sampling and the assessment of individual 
mortalities and fecundity will be considered, followed by a 
concluding discussion of the feasibility of life table 
studies of Coste1ytra zealandica populations. 
TIMING OF SAMPLING 
The seasonal timing of sampling will be determined by 
the insect's life cycle, with the habits and habitat of each 
stage determining whether it is feasible to sample that 
stage (Morris, 1955). Morris pointed out that it is 
desirable to sample during periods when population density 
changes only slightly with time, so that valid popUlation 
counts can be made over a period of days or even weeks. The 
timing of sampling can be determined by the use of pheno-
logical indices or by regular collections of the insect. In 
mu1tivoltine species with a rapid rate of development, timing 
of sampling is often critical, and may necessitate the use 
of indicator populations, caged outdoors, and the measure-
ment of daily mean temperature for use in conjunction with 
velocity of development curves (~., Harcourt, 1961). 
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Ideally, sampling should be timed to coincide with the peak 
in numbers for each stage. However, it may be desirable to 
base sampling intervals and the corresponding life table 
intervals on ecoldgical rather than morphological criteria. 
For example, if several successive larval instars overlap 
widely in the field but are similarm habits and habitat 
and are exposed to the same complex of mortality factors, 
they can be treated as a single age interval in population 
sampling (~., Morris and Miller, 1954). 
-Since Costelytra zealandica is a univoltine species 
with oviposition occurring over a short period of a few 
weeks, timing of sampling can be readily determined by means 
of pilot sampling. In this study pilot samples were taken 
at approximately fortnightly intervals from the Lincoln 
plot and from Winchmore plot 1, from parts of the paddocks 
outside the main study plots, to provide information on the 
life history and vertical distribution of the grass grub 
populations in these two areas. 50 cores were taken in 
each Lincoln sample, and 10-12 spade squares, or enough so 
that 50 or more grass grubs were collectedT in each Winchmore 
sa~ple. Samples were taken at shorter intervals than two 
weeks during the period of adult flight and oviposition. 
The Lincoln plot was not sampled regularly in 1970 because 
of a fall-off in population numbers. The results of this 
regular pilot sampling are presented in figs. 9-1, 9-2, and 
9-3 (p.153) and in appendix XI. 
Apart from the adult, there are no stages of the grass 
grub life cycle when mass movements take place, or when the 
population density might be expected to be temporari~y 
unstable. A compl~te -life table for Costelytra zealandica 
could be based on sampling the following stages: egg, first, 
second and third-instar larvae, prepupa, pupa and teneral 
adult. Figs. 9-1 and 9-2 show that it is possible to sample 
irrigated Winchmore pastureland at times when 95-100% of 
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the population are in the given stage for eggs, each larval 
ins tar and teneral adults, and probably also for prepupae 
and pupae. In non-irrigated Lincoln pastureland (fig.9-3), 
the development of ' the individuals comprising the population 
is less synchronized (in addition to the fact that following 
the severe autumn drought of 1969 approximately 25% of the 
population overwintered as second-instar larvae and went 
into a two-year life cycle). For example, it was not 
possible to sample when most of the population were teneral 
adul t"S, since adult flight started in early November when 
20-40% of the population were still in the pupal stage. 
The most critical stage of the grass grub life cycle 
with regard to timing of sampling is probably the egg. 
Since the oviposition period is only a few weeks, egg sampling 
was based on the premise that egg numbers build up during 
the adult flight season to a peak which can be regarded as 
the total egg population. Eggs first appeared in mid-
November (figs. 9-1, 9-2 and 9-3) and the percentage of 
the population in the egg stage reached a peak near the end 
of the flight season, in late November (Winchmore) or early 
December (Lincoln), followed fairly rapidly by the transition 
to first-instar larvae. If the egg population is sampled 
before the peak in egg numbers, the sample mean will under-
estimate the actual number of grass grubs entering the 
generation. The same may apply if the egg sample is more 
than a few days after the peak in egg numbers, in which case 
the sample may consist mainly of first-instar larvae. If 
the oviposition period was long enough so that all stages 
of development from unmated teneral adults to eggs and 
first-instar larvae were present at the same time in signi-
ficant numbers, the estimate of the total egg population 
could no longer be based on a single sample. Instead, the 
total egg population would have to be estimated from a series 
of successive samples (~., Southwood, 1966, p. 281-284), 
91 • 
which might entail a prohibitive amount of extra labour for 
a soil insect such as Costelytra zealandica. 
Since most of the eggs are laid in the first cluster, 
the general procedure adopted was to ,take the egg sample 
when the proportion of class I adult females (see P.322), 
i.e., females which had not laid, became small and eggs were 
present in large numbers, with few or no first-instar larvae 
present. The reliability of this procedure was tested in 
1970 at Winchmore plot 1, when samples of 20 spade squares 
were-taken at two-day intervals over a five-week period 
commencing at the start of the adult flight season. The 
results of this regular sampling are given in appendix XI 
and the mean densities shown in table 5-1 and fig. 5-1. 
95% confidence intervals, which would be very wide for small 
samples of only twenty spade squares, were not calculated 
since the object was only to determine the general trend of 
changes in a.dul t and egg densities. Al though the life table 
sample of 28 and 29/xi was taken from a different part of 
the paddock, probably with a different-sized grass grub 
population than the rest of the samples, the results suggest 
that there was a steady build-up in egg numbers to a peak or 
total level of approximately 550-600 per square metre, which 
was reached a few days before a large proportion of the 
eggs had hatched. The egg population sample coincided quite 
well with the peak in egg numbers. There appeared to be 
very few adults present at the end of the flight season in 
early December at Winchmore, so that the number of eggs laid 
after the end of November was probably insignificant. Since 
there was more overlap between developmental stages at 
Lincoln than at Winchmore, the proportion of late-emerging 
and late-laying adult females would be expected to be greater 
at Lincoln. For this reason the Lincoln life-table egg 
samples were not taken until several days after the 
Winchmore egg sample, i.e., in early December. 
,,>','-' '-.-."--.--- .,-.. .. . ... 
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Table 5-1. Changes in grass grub densities during the adult 
flight and oviposition period, 1970, Winchmore 
Plot 1. Figures are grass grubs per square 
metre. 
, 
Date Adults Eggs 1st-instar Eggs plus 
larvae 1st-instar 
larvae 
5/xi 105.5 
- - -
7/xi 105.5 
- - -
10/xi 100.3 
- - -
12/xi 96.9 15. 1 
-
15.1 
14/xi 86.1 62.4 
-
62.4 
16/xi 79.6 178.7 
-
178.7 
18/xi 99.0 234.6 - 234.6 
20/xi 53.8 301 .4 
-
301 .4 
22/xi 62.4 346.6 
-
346.6 
24/xi 30.1 484.4 
-
484.4 
26/xi 40.9 389.6 19.4 409.0 
28+29/xi (life 
table sample) 9.5 527.0 18.5 545.5 
1/xii 12.9 520.9 96.9 617.8 
3/xii 8.6 305.7 230.3 536.0 
5/xii 2.1 223.9 346.6 570.5 
8/xii 
-
129.2 275.5 404.7 
IDENTIFICATION AND MEASUREMENT OF THE MORTALITIES CAUSED BY 
INDIVIDUAL FACTORS. 
When showing how life tables can be applied to insect 
population studies, Morris and Miller (1954) introduced an 
extra column not found in standard actuarian tables, 
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viz., the QxF column, which contained a list of the mortality 
factor~ responsible for each of the mortalities given in 
the d column. Morris and Miller thus followed the lead of 
-x 
Leopold in emphasizing the cauSes of mortality rather than 
the age-distribution of mortality. Ideally, the ~xF and 
~~ columns of a complete life table would contain all the 
mortality factors affecting an insect population and esti-
mates of all the corresponding mortalities, but in practice 
th~ Qtuation is seldom or never attainable for a natural 
insect population. If a large number of interacting 
mortality agents affect the population it may be a difficult 
task to sim~ly identify them without attempting to estimate 
the mortality caused by each one. The apparent mortalities 
caused by individual factors are most readily measured when 
signs or dead remains are left behind and can be counted 
during population sampling, ~., mummified cadavers of 
insects killed by entomophagous fungi and holes in plant 
tissue where bird predators have extracted mining insects. 
In such cases it may be profitable to delay sampling until 
the completion of a developmental stage, to allow inspection 
of egg masses or pupal cases to determine the proportions 
emerged and killed by various factors (Morris, 1955). With 
mining insects, in particular, signs and dead remains are 
often left after the action of mortality agents, allowing 
life tables to be prepared with all but a small fraction of 
the total generation mortality accounted for (~., 
Pottinger and LeRoux, 1971). 
The individual mortalities affecting most insect 
populations can not be quantified so readily, and once the 
measurement of the mortality caused by a certain factor 
becomes divorced from life table population sampling it 
becomes a separate study of its own, as with bird predation 
in this study. Individual mortalities are often difficult 
to estimate, ~., the mortality caused by diseases of low 
virulence (Neilson, 1963). It is scarcely surprising that 
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in most published life tables for natural insect populations 
a significant proportion of the generation mortality is 
attributed to unknown or "other" factors, even in studies 
involving a large number of workers, some of whom made 
full-time studies of individual mortality factors (~., 
Morris, 1963a). Some of this unexplained mortality might 
be similar to the "background" or "physiological" mortality 
observed when insects are kept under optimal conditions in 
the laboratory (Valiela, 1969), and changes in this 
mor.tali ty from genera.tion to generation may refl,ect changes 
in the vigour of the population (Neilson, 1963). A reason-
able aim with life table studies is to identify as many 
mortality factors as possible and to measure the mortality 
caused by those which are readily quantified. The estimation 
of more difficult mortalities will depend upon their likely 
importance and the amount of time and labour available after 
population sampling has been completed. 
The following causes of mortality of Costelytra 
zealandica were identified in the present study: egg hatching 
failure, invertebrate predation, bird predation, crushing 
of third-instar larvae by sheep treading, disease, larval 
combat and eclosion failure of the adult. In addition, 
some grass grubs probably died through desiccation at the 
Lincoln plot in the severe autumn drought of 1969, but no 
attempt was made to investigate this source of mortality. 
This would have entailed laboratory or field experimentation 
, (Southwood, 1966, p.248). There was probably also some 
"background" mortality similar to that described in labora-
tory life tables prepared from Kelsey's (1970) data 
described in appendix I(p.495). During the course of this 
study several thousand individuals of each developmental 
stage were inspected and severa.l/hundred reared in pots of 
soil, but no parasites were found. The methods used to 
study bird predation and crushing by sheep treading are 
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discussed in chapter 7. The methods used to investigate the 
other mortality factors were as follows: 
Hatching Failure of ~ 
The provortion of e~gs which failed to hatch was 
determined by keeping several hundred eggs each year on 
moistened filter paper in petrie dishes beneath sacks (to 
keep out light) in the insectary. The eggs w~re inspected 
and first-instar larvae removed at one or two-day intervals. 
All eggs used in hatching failure determinations were 
extracted from soil samples by hand-sorting. Some of the 
eggs which failed to hatch appeared to be infertile, i.e., 
no embry:o was visible, while in others the mandibles of the 
developing embryo were visible, but the egg failed to hatch. 
Separate records of infertility were not kept, so the 
hatching failure measured represents that due to infertility, 
inviability of the developing embryo and all other causes. 
Predation by Invertebrates 
All potential invertebrate predators which were found 
in the field with grass grub populations were placed with 
grass grubs in small containers of soil (petrie dishes for 
eggs and first instars, plastic pots for larger stages) for 
2-3 days to determine whether they would eat grass grubs 
under these conditions. Those species which did were then 
used in quantitative feeding experiments, which were all 
done in plastic pots 8cm. high, 5cm. in diameter at the top 
and 3cm. at the bottom, with plastic clip-on lids in which 
holes were punched to allow air circulation. The pots had 
earlier been filled to a depth of 5tcm. with soil collected 
from the field and sieved to remove macrofauna. The soil 
was packed in to a similar constituency to that found in the 
field and a few ryegrass and white clover seeds added, so 
that the pots contained well-grown plants by the time the 
feeding experiments were commenced. A certain number of 
grass grubs were seeded into a pot at the required depth, 
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using a cork-borer, the soil in the hole made by the cork-
borer w~re-packed, and a predator was released on to the 
surface. Six to fourteen days later the soil was removed, 
this being facilitated by the tapered shape of the pots, 
and the predator and remaining grass grubs removed and counted, 
by flotation .and wet sieving for the smaller predators and 
grass grub stages, and by hand-sorting for the larger ones. 
During the course of the feeding experiments the soil was 
watered as necessary to keep the moisture content at 15-25% 
of the dry weight of soil. Feeding experiments with larger 
predat~rs (asilid, carabid, and therevid larvae) of third-
ins tar larvae were carried out over longer periods of up to 
90 days. These experiments were inspected at 4-8 day inter-
vals, dead remains of grass grubs being removed and additional 
third-ins tar larvae added as required. There were usually 
1-3 third instars present at anyone time, so that the 
predators were seldom without a food supply. In these 
experiments the predator was transferred to a fresh pot of 
soil every 3-4 weeks. 
Under insectary conditions, the centipede Zelanion 
morbosus (Hutton) (only specimens longer than 25mm. were used), 
adults of the staphylinid Leptacinus labr~lis (Brn), elaterid 
larvae (species unknown) and young larvae of the carabid 
Metaglxmroa monilifer Bates ate eggs and/or first-instar 
larvae. ~. morbosus also ate second-instar larvae. Third-
instar larvae, prepupae, pupae and adults were eaten by 
elaterid larvae, asilid larvae (species unknown), larvae of 
the tabanid E,ctenoEsis lutulenta (Hutton) and larvae and 
adults of the carabids Metaglymma monilifer and Megadromus 
antaroticus Chaud. Quantitative feeding experiments were 
carried out with ~. morbosus and Leptacinus labralis for eggs 
and first and second-instar larvae, and with asilid larvae, 
elaterid larvae, and larvae of Ectenopsis lutulenta and 
Metaglymma monilifer for third-ins tar larvae. In some of 
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the experiment~ with predators of eggs and first-instar 
larvae, alternative prey were added along with the grass 
grubs (2-4 earthworms 2-5cm. long for Z. morbosus, and 4 
weevil prepupae or pupae, mostly of the Argentine stem 
weevil, HYEerodes bonariensis, for L. labralis). In most 
experiments there were controls comprising pots of soil 
containing plants and grass grubs but no predators. 
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Feeding tests such as these obviously have severe 
limitations (Blackman, 1968). A pot of soil scarcely simu-
lates- the natural habitat of the grass grub and its predators, 
even when it contains grass and clover plants, soil com-
paction and moisture are kept at a similar level to those in 
the field, alternative prey are present, and the pot is kept 
under semi-outdoor conditions in a screened insectary. 
Consumption of grass grubs by a suspected predator does not 
prove that predation occurs in the field. However, as 
Blackman pointed out, if a suspected predator regularly 
consumes grass grubs in insectary feeding tests and occurs 
together with grass grub in the field, it is highly likely 
that it is a predator under natural conditions. Laboratory 
feeding rates can only be regarded as potential figures for 
extrapolation to the field (Southwood, 1966, p. 255). Under 
the conditions of this study, where the searching ability 
of the predator was not tested, the results should probably 
be regarded as estimates of the maximum potential consumption 
under field conditions, especially in experiments without 
alternative prey. 
During grass grub population sampling, all predators 
extracted were also counted. The flotation and wet sieving 
extraction method gave a high recovery of ~. morbosus and 
1. labralis, while the larger predators were probably 
extracted with the same efficiency as third-ins tar grass grubs. 
- ~ - - - -;-:-:.>.: ',-:-:-.<' . 
Disease 
Four types of disease organisms were identified in 
this study, viz., one bacterial, two fungal and one 
rickettsial infection. The bacterial disease was milky 
disease, Bacillus sp., which turns heavily infected grubs 
milky white, owing to the presence of numerous spores in 
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the blood. Milky-diseased specimens were found in all three 
larval instars. Larvae with s~blethal infections of milky 
disease are nDrmal in external appearance but the blood 
cont~ins some milky disease bacteria. Many larvae apparently 
recover from sublethal doses, and only those which become 
obviously milky to the naked eye are eventually killed by 
the disease (M. Fowler, pers. comm.). Lethally infected 
larvae often lived for many weeks before dying, under both 
field and insectary conditions, but infected first and second-
ins tar larvae kept in pots of soil never developed any 
further. The same applied to most milky-diseased third-
ins tars , although a small number entered the prepupal stage 
and one pupated but died shortly afterwards. The proportion 
of the popUlation lethally infected by milky disease at the 
time of a population sample was taken to be the proportion 
with symptoms obvious to the naked eye. 
Cadavers of third-ins tar larvae, prepupae, and pupae 
which had apparently been killed by entomophagous fungi were 
found in small numbers. Similar cadavers of second instars 
and adults were found rarely. These cadavers were usually 
white when found, but when sporulation was promoted by 
keeping them in moist soil or in moistened glass tubes, they 
appeared to be of two types. Some developed a white, cottony 
growth similar to that typical of Beauveria bassiana, while 
others became a deep green colour similar to that of 
Metarrhizium anisopliae, and these two types were tentatively 
identified as Beauveria sp. and Metarrhizium sp. by T.Dodgshun 
and S. Moore (University of otago, Department of Microbiology). 
---~- -:----.~.;. ~-- ~-.;. --
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The number ot cadavers found during population sampling was 
recorded, but this information does not give a reliable 
estimate of the mortality caused by fungal infections with-
out knowledge of the length of life of these cadavers in 
the soil. 
Semi-transparent second and third-ins tar larvae, 
brownish-gold in colour, and often stunted in size, were 
frequently found. These larvae always died when kept in 
pots of soil, though they sometimes lived for several,weeks. 
They were found by Fowler, Dodgshun and Moore to be suffering 
from a rickettsial infection. The brownish-gold colour 
arises from crystalline, convoluted, spherical bodies present 
in the fat and muscle tissue of the abdomen. New Zealand 
scarabaeids are attacked by a complex of little-known 
rickettsial diseases (S. Moore, pers. comm.). 
In addition to counting the number of milky-diseased 
and rickettsial-diseased grass grubs and fungal cadavers 
found at each population and pilot sample, healthy field-
collected specimens of all developmental stages were placed 
individually in pots of soil in the insectary and kept for 
periods of varying length, with regular checks for signs of 
developing disease. 
Larval Combat 
The mortality caused by larval combat is very difficult 
to measure under field conditions, since the remains of grass 
grubs ki~led in this way decay fairly rapidly and are 
difficult to extract from soil samples. Larval combat 
therefore has to be studied experimentally. Only a small 
amount of such experimental work was attempted in this study, 
because of the limited time available. 
The interaction between combat and dispersal of third-
ins tar larvae was investigated in a series of experiments 
using wooden seed-trays with inner dimensions 18in. by 14in., 
filled with sifted soil to a depth of 2in. By creating a 
r· ,,' 
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pocket of high larval density surrounded by an unoccupied 
area at two levels of food supply (high and low), it was 
hoped to gain some insight into the effects of available 
food on larval movement and combat mortality. Each seed-
tray was divided up into 63 2in. squares (see fig.15-2, 
p.390A),the position of square 1 being marked by a label 
on the seed-tray. Larvae were seeded into the central nine 
squares (area S) with a cork-borer at one of two larval 
densities, 15 or 31 larvae in the tsq. ft. central area. 
Larvae were distributed evenly within area S, with one in 
each of squares 25, 26, and 38 and two in squares 24, 31, 
32, 33, 39 and 40 for the lower density, and three in each 
of squares 25, 31, 32, 38 and 39 and four in squares 24, 26, 
33 and 40 for the higher density, since third-ins tar larvae 
were known from field sampling to be approximately evenly 
distributed among two-inch squares within aggregations. At 
the high level of food supply, the whole seed-tray contained 
previously planted well-developed ryegrass and white clover 
plants. At the low level, two-inch squares of turf obtained 
by cutting up seed-trays of turf similar to the high food 
level were placed in ten randomly selected squares (3, 5, 15, 
22, 29, 33, 34, 46, 51 and 54) and the remaining 53 squares 
contained only sifted soil. 
The experimental design was 2x2 factorial for food and 
density levels, with each combination of food and density 
replicated three times. There were also ten controls, five 
at each food level, each containing one third-ins tar larva 
seeded into square 32. The seed-trays were kept on the 
concrete floor of the insectary and watered as necessary to 
Prevent the soil from drying out excessively. The experi-
ment was carried out in April and May 1970, when the third-
instar larvae were still actively feeding. It was terminated 
28 days after the larvae were seeded in, each 2-inch square 
being removed separately from the seed-tray by means of a 
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sharp knife and examined for grass grubs by hand-sorting. 
Grubs dissected by the knife were regarded as being within 
the square occupied by their head. 
Eclosion Failure of Adult 
When the pupal cells of grass grubs which had pupated 
in pots of soil were disturbed, 40-50% of the resulting 
'adults had deformed elytra and abdomens, apparently because 
eclosion had not been completed successfully. These 
deformed adults usually lived for only a few days and those 
which' lived longer were unable to mate. Eclosion failure 
is much rarer under natural conditions, but small numbers 
of deformed adults were found at both Lincoln and Winchmore, 
always still inside the pupal cell. 
THE MEASUREMENT OF FECUNDITY 
Fecundity, ~., the total number of eggs laid per 
female, is usually measured by caging females under semi-
natural conditions and recording their egg production, 
although with some insects it is possible to use the 
relationship between body size and fecundity to predict 
fecundity from measurements of body size, while examination 
of the ovaries may suffice with insects in which all the 
eggs are mature on emergence (Southwood, 1966, p.240-1). 
Since the latter does not apply to Costelytra zealandica, 
fecundity was measured with captive females, which were 
collected as teneral adults still within the pupal cell. 
These females were kept singly in pots of the type described 
above, which were filled to a depth of 5.5cm. with sieved 
soil collected from the field, and the soil surface smoothed 
over. The pots were inspected daily until the surface was 
found to have been broken, indicating that the female had 
emerged from the soil the previous night. The female was then 
assumed to be ready to mate and was weighed before being 
placed in a petrie dish with 2-4 males collected from the 
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field. 
Mating was initially carried out in the evening, when 
mating takes place in the field, but it was later found 
that beetles mated readily at any time of the day, provided 
a sack was placed over the petrie dish to exclude light. 
After each female had mated once it was placed in a pot 
containing tcm. of hard-packed soil on the bottom with 5cm. 
of loosely-pack~d soil above it. Exhaustive tests in which 
the eggs were removed by flotation and wet sieving revealed 
that -the females always laid their egg clusters in the hard-
packed bottom layer, which greatly facilitated removal of 
the eggs. Further tests showed that careful hand-~orting 
of the hard-packed layer, using a fine brush to locate the 
egg chamber, resulted in the recovery of over 99% of the 
eggs. Each pot containing a female 'W"as inspected for eggs, 
by hand-sorting the hard-packed layer, at 3-6 day intervals 
after mating until the female died. The soil was replaced 
at each inspection. The females were provided with leaves 
of clover and ornamental peach from mating onwards, and the 
food was renewed daily. 
Females kept in small pots of soil would be expected 
to be less active than free-living females and therefore to 
live longer and possibly lay more eggs, i.e., fecundity 
measured with captive females can not necessarily be equated 
with fecundity in the field, but may represent the potential 
fecundity. Nevertheless, if fecundity is measured each year 
under the same conditions, any variations from-year to year 
will be detected, while knowledge of the adult population 
in the field and the resulting egg population will reveal 
the proportion of the potential fecundity actually laid, 
assuming dispersal of adult females is negligible, at least 
before most of the eggs are laid. 
THE FEASIBILITY OF LIFE TABLE STUDIES OF GRASS GRUB 
POPULATIONS. 
Life tables are essentially summaries of extensive 
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data on the population density of an insect at successive 
times within a generation, the mortalities contributed by 
various factors and fecundity. It has already been pointed 
out in two previous chapters that the mechanical and 
statistical problems of sampling a soil insect such as 
Costelytra zealandica appear to be readily surmountable. 
The corer and extraction method developed by Kain and Young 
(1971) and Kain and Atkinson (1971) have paved the way for 
intensive population sampling, which is also facilitated by 
the vertical distribution and relatively large size of the 
youngest stages of Costelytra zelandica. On excessively 
stony plots the spade square can take over from the corer. 
Efficiency of sampling can be increased by stratifying sampling 
according to visible pasture damage, at least on non-irri-
gated Canterbury pastureland, while statistical problems 
arising from the highly aggregated distribution of grass grub 
can be overcome by making sample size large enough to ensure 
a relative standard error of 10%. The univoltine nature and 
short oviposition period, and the generally well-synchronized 
development of the individuals comprising grass grub popu-
lations, along with the lack of periods of marked population 
instability, also facilitate the estimation of population 
density, which is the most vital part of life table develop-
ment. The feasibility of population studies is further 
enhanced by the normal occurrence of Costelytra zealandica 
in single species populations in improved pastures, without 
the complicating presence of several scarabaeid species 
which is found in some parts of the world (~., Davidson 
and Roberts, 1968). However, in recently improved pastures 
adjacent to scrub or tussock grassland it is not uncommon 
to find large populations of the scarabaeids Pyronota festiva 
(Fabr.) and Odontria spp. occurring alongside Costelytra 
ze~landica. 
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Fecundity can be readily measured with captive females. 
While some individual mortalities, ~., that caused by 
milky disease, appear to lend themselves to convenient 
measurement, others, such as larval combat and bird pre-
dation, require separate studies. However, there are very 
few natural insect populations for which it is easy to 
measure all the important mortalities, and on most accounts 
grass grub under Canterbury conditions appears to be highly 
suitable for life table studies by a small team of workers. 
CHAPTER 6 
METHODS OF ESTIMATING STARLING NUMBERS AND THE 
NUMBER OF GRASS GRUBS EXPOSED TO PREDATION 
METHODS OF ESTIMATING STARLING NUMBERS 
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The number of predators is one of the three main para-
meters which should be measured in a field study of predation 
(p. 2 ), but it is typically difficult to obtain precise 
estimates of the absolute population size of birds and small 
mammals. As part of the literature review for this thesis, 
some of the problems encountered with commonly used techniques 
(singing male censuses, quadrat and transect samples, mark-
recapture and removal trapping) and the need for developing 
improved methods were reviewed. Although these topics are 
relevant to a general review of the study of vertebrate 
predation on insect populations, none of the above techniques 
of measuring predator numbers was used in this study, since 
the number of birds present at a given time on open plots of 
grazed pastureland up to four acres in size can be directly 
determined by taking a visual census. The literature review 
is therefore presented in appendix V. 
In this study the object of counting birds was to esti-
mate the total number of bird-hours spent on the study plots 
during 'the periods when grass grub larvae and adults were 
exposed to predation by starlings. A canvas hide was erected 
on the edge of Winchmore plot 1, and regular counts were made 
of the number of birds present. This plot, which was situated 
within half a mile of a large starling roost, was visited by 
large flocks during autumn and winter, when the presence of 
several hundred starlings in plot 1 and in neighbouring 
paddocks was a common sight. The starlings typically fed in 
compact flocks of tens or hundreds of birds (plate 11-3), with 
flocks of over 1,000 birds recorded occasionally. At times 
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the flocks remained virtually stationary for several minutes 
although the individual birds continued to feed actively. 
At other times the flocks progressed in the typical starling 
manner, with the birds at the back flying over the flock 
to land at the front,. the whole flock moving forward at 
speeds r~nging from 0.3-10.0m./sec. There were often 
several discrete flocks present at once in the area com-
prising plot 1 and adjacent paddocks, with other starlings 
feeding as scattered individuals. There appeared to be a 
regular interchange of individuals between flocks, and 
various-sized groups of birds frequently flew into or out 
of the area. An entire flock often took wing and split into 
two or more separate groups, some of which flew off while the 
rest remained or coalesced with other groups. Counting was 
facilitated by concentrating entirely on the 2-acre plot, 
the boundaries of which were clearly marked with white wooden 
pegs at t-chain intervals. Only birds on the ground were 
counted, including those flying over ~ flock from the back to 
the front. 
The number of birds on the plot was counted every five 
minutes during observation periods which ranged from 1-12 hours. 
The plot was scanned from the hide to locate birds and 9x50 
or 16x50 binoculars were used to count the number present. 
Stationary flocks containing up to 500 birds could be counted 
accurately (judging by the repeatability of counts) in four 
minutes or less. With moving flocks some birds might have 
been missed or counted twice, but this possibility was mini-
mized by counting from the front of the flock to the back 
and including in the count those birds seen flying forward 
over the flock. These birds were usually only a few feet 
above the ground and were therefore in the field of view. 
If a flock took wing and left the plot while it was being 
counted, the partial count was recorded. If the count 
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reached 500 before all the birds in a flock had been counted, 
the proportion of the flock which had been counted was esti-
mated by eye and total flock size estimated to the nearest 
hundred. In tests in which this procedure was used to esti-
mate the number of birds present in photographs of large 
flocks the estimates were usually within 15% of the actual 
number of birds. More accurate counts may have been possible 
by using photography in the field, but this proved unsatis-
factory because of the difficulty of ensuring that the entire 
flock-was photographed. The possibility of using an auto-
matic delayed-action camera (~., Winkler and Adams, 1968) 
to photograph the entire plot at regular intervals from an 
elevated position was contemplated, but was not followed up 
because of the limited finance available. 
Apart from the problems of counting birds flying over 
flocks and estimating the size of very large flocks, the 
main source of error in counting birds was that due to some 
birds being obscured by sheep. This was most likely to be 
significant at Winchmore plot 1,where winter stocking rates 
exceeded 120 ewes/acre, but it was usually possible to obtain 
an unobstructed view of a flock of starlings. The distribution 
of starlings within the plot was usually highly aggregated, 
whereas that of sheep was random or even, which made it 
easier to determine if some birds were obscured than would 
have been the case if the starlings had also been randomly 
or evenly dispersed. The count could then be delayed until 
a clear view of the flock was obtained, but in practice this 
seldom proved necessary. Nevertheless, some birds were 
undoubtedly missed in counts made while stock were present, 
so that these counts underestimated the true number of birds 
by an unknown but small amount. Rank pasture also obscured 
birds from view, and for this reason it was not possible to 
make complete counts in Winchmore plots containing autumn-
saved pasture until the plots had been grazed for 1-2 hours 
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per day for 7-10 days. 
The number of bird-hours spent on the plot during an 
observation period (N) was calculated from the formula 
N = [ N./ 12 
J. 
(cf. Petrusewicz and Macfadyen, 1970, p. 42-44) where 
counts were made at five minute intervals and N. is the 
J. 
number of birds in the ith count. This formula-is based 
on the assumption that each Ni represents the number of 
birds. present on the plot for-a five minute period centred 
on the time that the ith count was made. This is obviously 
a simplification, since some birds often entered or left the 
plot before, during and after the count was made in each five 
minute period. Bias arising from this source was minimized 
by keeping the interval between successive counts as short 
as five minutes. 
These difficulties pale into insignificance beside the 
difficulties which usually accompany attempts to estimate 
the size of vertebrate populations. In this respect the open 
nature of grazed pastureland greatly facilitates predation 
studies by making satisfactory censuses of passerines possible. 
Regular counts were made at Winchmore plot 1, from either the 
hide or a stationary motor vehicle, which did not appear to 
disturb the birds as they readily fed within two chains of it. 
Counts at the other study plots were all made from a motor 
vehicle. As well as starlings, the numbers of all other bird 
predators observed feeding on the plots were recorded. In 
the second year of this study regular observations were also 
made at Winchmore plot 3 of the rate at which starlings 
probed into turf, by watching single birds for periods of 
ten seconds to three minutes, timed with a stop-watch, and 
recording the number of probes made in that time. These 
observations were fitted in between population counts as time 
permitted and were restricted to birds on the study plot. 
I·' 
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The bird selected for each individual observation was usually 
in that part of the flock nearest to the observer. 
While observing the behaviour of adult grass grubs on 
spring evenings a regular look-out was maintained for hedge-
hogs, which are rather large and slow-moving for small 
mammals and are easily located. A nest containing young 
mice was discovered in August, 1968 on the Lincoln plot, 
which was in rank condition at the time. Twelve live-traps, 
baited with a mixture of peanut butter and oatmeal, were set 
for mice on this plot during the grass grub flight season in 
November, 1968. 
ESTIMATION OF THE NUMBER OF GRASS GRUBS AVAILABLE TO STARLINGS 
If all members of the prey popUlation are not equally 
susceptible to predation, ~., because of the effects of 
physical environmental factors or the choice of the predator, 
an estimate of the prey's total popUlation density may be 
insufficient. In the case of starlings preying on grass grubs, 
it is obviously essential to measure the vertical distribution 
of grass grubs and the depth to which starlings probe, in 
order to determine the proportion of the grass grub popUlation 
exposed to predation. The pilot samples taken at regular 
intervals at Lincoln and Winchmore plot 1 (p.89 ) were used 
for this purpose, by examining each sampling unit in separate 
vertical strata. Cores were sectioned into depths of 0-1 
and 1-10 inches with a sharp knife as soon as they were taken. 
Spade squares were sectioned into depths of 0-1 and 1-9 
inches. In addition to the pilot samples, 50 cores (Lincoln) 
or 40 spade squares (Winchmore) from each population sample 
were examined in this way. 
Starlings have a bill 2.6cm. long, on average, 
(approximately 1in.) and can therefore capture prey in the 
top 2.5-3.0cm. Measurements of probe-hole depths in the 
field were made by inserting a straight piece of fine straw 
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into a hole until it touched the bottom, grasping the straw 
at a point flush with the soil surface with a pair of 
forceps, withdrawing the straw and measuring the hole depth 
on a ruler. The probe-holes to be measured were selected 
randomly by dropping the ruler on to the turf and measuring 
the depth of those holes which touched the ruler. The 
effect of soil conditions on depth of probing was also 
studied in experiments with captive starlings (p.134). 
Soil penetrability, ~., the resistance of soil to a 
prob&, will obviously have a major influence on the ease 
with which starlings can locate grass grubs by probing. In 
the second year of this study a hand-operated penetrometer 
was obtained (Soiltest Inc., Chicago, U.S.A., model CT-421), 
with a tin. diameter stainless steel probe. By pushing the 
probe into the soil at a constant rate to a depth of one inch, 
soil penetrabilities in the range 0-7001bs. per square inch 
could be measured. A probe of this size allows penetrability 
to be measured on the scale encountered by starlings, i.e., 
in localised, 1 . 4'1n. diameter areas to a depth of one inch. 
Soil moisture and soil volume weight were occasionally 
measured by taking five 1.75cm. diameter cores to a depth 
of 2.50cm. These cores were placed in numbered, screwtop 
jars of known weight, w~ighed, oven-dried at 105 0 C to constant 
weight, and reweighed. 
CHAPTER 7 
METHODS OF ESTIMATING THE NUMBER OF GRASS 
GRUBS DESTROYED BY STARLINGS 
1 12. 
To my knowledge the literature contains no reviews of 
methods of estimating the numbers of insects destroyed by 
vertebrate predators, apart from the brief reviews of Franz 
(1954), Buckner (1966) and Southwood (1966, p. 248-255). For 
this reason, and because of the central importance of this 
topic to the present study, a full review of these methods was 
made. Because of its length and comprehensive nature, this 
review is presented in appendix VI. The main points are 
briefly summarized in this chapter, followed by a description 
of the methods used in this study. 
REVIEW OF METHODS (SUMMARY) 
The problem of estimating the number of insects de-
stroyed by vertebrate predators is often difficult, and 
there is no universally applicable or superior technique. 
Predators seldom leave behind direct evidence of predation. 
Experimental field populations of prey and exclusion of 
predators may only be suitable for relatively sedentary prey. 
Other methods depend upon knowledge of the size of the 
predator population and are therefore at a disadvantage if it 
is difficult or costly to estimate predator numbers precisely. 
Direct observation of the consumption of prey is rarely 
possible. Although probably the most widely applicable 
method, analysis of predator stomach contents requires a 
great deal of work to obtain an accurate, precise estimate of 
predation mortality, ~., the rate at which prey are digested, 
the diurnal feeding pattern of the predators and the pro-
portion of prey in the diet must all be known, in addition 
to predator numbers. Where possible, analysis of predator 
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faeces may be preferable, since it involves minimal dis-
turbance of the natural situation. While the consumption 
of insect prey by nestlings can often be readily assessed, 
accurate measurement of the total number of prey destroyed 
by a breeding popUlation of birds may require independent 
estimation of the consumption by adults. The study of the 
energy requirements of predator populations may be more 
useful for assessing the predator~j potential for consuming 
prey than for accurately estimating the number of prey 
destroyed, because of the difficulties of determining the 
energy requirements of free-living vertebrates. Similarly, 
the problem of extrapolating from captivity to the field 
limits the usefulness of experiments with captive predators 
for directly estimating consumption of prey under field 
conditions. Serological and radioactive-tracer methods 
appear to have little applicability to the assessment of 
predation by vertebrates. 
Unlike other methods, exclusion of predators does not 
measure the number or proportion of prey destroyed by 
predators, except under certain circumstances. Instead, 
exclusion directly assesses the effect of predation on the 
prey popUlation and is therefore a particularly valuable 
technique. If possible, more than one method should be 
used to measure predation, to check the accuracy of inde-
pendent estimates. Standard errors of estimates of predation 
mortality should be calculated and presented whenever possible, 
since the value of an estimate depends partly upon its pre-
cision. 
METHODS USED IN THIS STUDY 
Starlings do not leave behind direct evidence when they 
remove grass g+uh larvae or adults from turf. Although 
they often make distinct probe-holes in the turf, it is not 
possible to distinguish successful probes from unsuccessful 
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ones simply by inspecting the holes. Grass grubs are not 
large enough to allow their capture by starlings to be 
reliably detected by direct observation1 although capture 
of large earthworms is readily seen by an observer with 
binoculars. Although direct observation was not used to 
quantify predation, regular observations were made of the 
numbers and feeding behaviour of starlings in the study 
areas, as outlined in the previous chapter. 
\ 
Apart from direct evidence of predation and direct 
observation of predators, all of the methods discussed in 
appendix VI appear to be potentially applicable to the study 
of starling predation on grass grub populations. Exclusion 
was the main method used in this study, since it is well 
suited to a pastureland environment and it is a preferred 
technique, directly demonstrating the importance of predation 
in the population dynamics of the prey. Attempts were also 
made to use experimental field populations of grass grubs, 
analysis of starling faeces, energetics and experiments with 
captive starlings. Analysis of starling gut contents was 
not considered, because of the disturbance factor involved 
in shooting or capturing the birds. The study of predation 
on grass grub adults was restricted to observational work. 
All of the subsequent discussion of methods refers to pre-
dation on grass grub larvae. 
Exclusion. 
While it is a simple matter to exclude birds from an 
area of grass grub-infested pasture, in practice exclusion 
cages have to be robust enough to stand up to disturbance 
by stock, which are quick to show an interest in any strange 
object appearing in their environment. Sheep were present 
on all the study plots at various times, with cattle at 
Weka Pass~ A cheap, stock-proof fence was designed (plate 
7-1), consisting of Cyclone lamb-proof netting and corner 
posts made from a waratah standard and two half-standards, 
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with one half-piece knocked into the ground at an angle and 
the other bolted across. The fenced area shown in plate 
7-1 measured 12ft. by 6ft., and there was a standard at 
the centre of each-long side, with a strand of barbed wire 
around the top_ At Weka Pass, where cattle were present, 
there was a strand of 12-gauge high-tensile wire above the 
barbed wire. The exclusion areas were usually 12ft. square. 
Fences of this design proved highly satisfactory, and no 
difficulties were experienced with stock, even though there 
was c.onsiderable pressure on the fences when the study 
plots were heavily stocked, especially at Winchmore. Birds 
were excluded from the area inside the fence by a cage of 
plastic netting (netlon) stretched over a frame of tin. 
reinforc~ rod, and the survival of grass grubs in caged 
areas was compared with that in similar sized areas of open 
pasture marked with pegs. In the first season of field 
work half the area inside each fence at Winchmore plot 1 was 
caged to exclude stock and birds and the other half left 
open to exclude stock only. 
A second type of exclusion cage was used on some of 
the Winchmore plots. This was a wooden-frame cage, 
measuring nine feet by six feet and two feet high, and 
covered with wire netting (plate 7-2). These cages were 
borrowed from the Winchmore Irrigation Research Station 
through the courtesy of the Superintendent, Mr. W. R. Lobb. 
To keep the environmental conditions in the caged and 
uncaged areas similar, the pasture inside the fences was 
cut with hand-clippers, as necessary, to keep it at approxi-
mately the same height as the adjacent open pasture, and the 
clippings removed. No attempt was made to simulate stock 
trampling, defaecation or urination. Exclusion cages used 
in the measurement of pasture production are known to cause 
changes in temperature and relative humidity which can 
significantly affect herbage growth (Cowlishaw, 1951; 
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Plate 7-1. Stock-proof, Cyclone netting, waratah standard 
fence used to fence off exclusion areas, 
ph otograph ed at Lincoln plot. 
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Plate 7-2. 9 feet by 6 feet wooden frame, wi re netting 
exclu s i on cage, ph otographed at Win chmore 
plot 3 on 1/vi i/70. Note heavily trampled 
pastur e ou tside exclus ion cage a n d starling 
n esting box on fencepost in background. 
Williams, 1951). Lynch (1960) stated that with netting-
covered, metal frame, open topped cages there is no 
temperature difference between caged and open areas. In 
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this study, soil temperatures at a depth of one inch were 
measured beneath netlon exclusion cages inside fenced areas 
and in adjacent open areas on several occasions. Temperatures 
in the two situations were always identical. The wooden-
frame cages used at Winchmore would probably have a greater 
effect on the microenvironment. Soil temperature comparisons 
were not made for this type of cage, but maximum/minimum 
thermometers placed on the ground under a wooden-frame cage 
at Winchmore plot 3 and on open pasture about one chain away 
for a period of one month (20/vii/70 to 17/viiV70), at a time 
when the pasture was short, produced the following readings-
maxima: 73 0 F (under cage), 72 0 F (open); minima: 25 0 F (under 
cage), 22 0 F (open). It appears most unlikely that the 
exclusion cages used in this study had a large enough effect 
on the microenvironment of the soil to significantly affect 
grass grub populations. This assumption is supported by the 
reiults (p.179). 
To check on the possibility of lateral movement of 
grass grubs confounding the results of exclusion work, soil 
samples were taken from three-feet wide strips surrounding 
certain caged and open areas when the latter were sampled. 
Experimental Field Populations. 
Since the net lateral movement of grass grub larvae 
is no more than a few feet per generation, it appeared to be 
feasible to use experimental field populations of grass grubs 
seeded into small field cages which restricted lateral and 
vertical movement. The procedure is illustrated in plates 
7-3 to 7-9. The first step was to remove a core of soil 
4.0cm. in diameter and 3.0cm. deep (plate 7-3). A circular 
piece of aluminium screen netting (7 meshes per cm.) with 
three slits cut in it was fitted into the hole left by 
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removal of the core, taking care that the fit was flush to 
the edges of the hole (plates 7-4 and 7-5). The core was 
then replaced by pushing it firmly into the netting-lined 
hole, creating a 4.0cm. diameter field cage which restricted 
the vertical movement of a grass grub seeded into it to the 
top 3.0cm. of soil. 
The field cages were constructed 2-3 months before they 
were used, to allow grass roots to grow freely through 
them and any traces of soil distur.bance to disappear. The 
absence of grass grubs from freshly constructed cages was 
ensured by either constructing them at a time (mid-December) 
when no grubs were present in the top 3cm. of soil, or by 
replacing the soil core with another taken from an area 
which soil sampling had revealed to be free of grass grubs. 
All experimental field populations were comprised of third-
ins tar larvae. To seed a larva into a field cage, a plug 
of soil 1t-2tcm. deep was removed from the centre of the 
cage with a 0.7cm. diameter cork borer (plate 7-6), the 
grass grub was dropped into the hole (plate 7-7), and the 
plug of soil pushed back into place at right angles to its 
original position, to avoid crushing the grub (plate 7-8). 
A three feet square wooden frame containing twelve positions, 
numbered 1 to 12, was used for relocating field cages (plate 
7-9). Cages were constructed in groups, or "frames", of 12, 
the position of the northern end of each frame being marked 
by two 18in. pegs of tin. steel reinforcing rod, which were 
driven into the soil so that only the white-painted top 
1-3in. protruded. No trouble was experienced with stock 
bending or shifting these pegs. 
When the work with experimental field populations 
commenced, the plot in which the study was carried out con-
tained 2,400 field cages, in 200 frames of twelve, with an 
extra 600 cages for controls. The procedure adopted was to 
start by seeding a grass grub into field cage 1 in each frame 
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Plate 7-3. First step in field cage construction: 
removal of a 4.0 cm. diameter, 3.0 cm. 
deep soil core. Th e ruler is 12 inc hes 
long and is also present in plates 
7-4 to 7-9. 
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Plate 7-4. From left to r i gh t: 4.0 cm. diameter, 3.0 cm. 
deep soil core; h ole made by removal of core; 
and c i rc ular piece of aluminium screen n e t t i ng. 
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Plate 7-5. Followin g on from plate 7-4, t h e nett i ng has 
n ow b een fitted into t h e h ole. 
Plate 7-6. Removal of plug of soil from field cage with 
a cork b orer, prior to seeding cage with a 
grass grub. 
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Plate 7-7. Dropping a t hird-ins tar larva into t h e h ole made 
wi t h the cork b orer. The plu g of soil removed 
wi t h t h e cork b orer is restin g on t h e r u ler. 
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Plate 7-8. Pushing plug of soil back into place to cover 
grass grub seeded into the field cage. 
Plate 7-9. 3 feet square wooden frame used to locate 
positions of field cages, the 12 small 
squares marking the positions of 12 cages. 
Note white metal pegs at inner corners of 
far end of frame. 
126. 
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on day 1, remove field cage 1 with a metal spike and seed 
a grass grub into field cage 2 in each frame on day 8, 
remove field cage 2 and seed cage 3 in each frame on day 
16 and so on until all 12 positions on each frame had been 
used. In practice the intervals between successive seedings 
and removals varied from 4 to 13 days. On each day that 
field cages were removed and fresh ones seeded, the popu-
lation density of third-ins tar grass grubs in the top 3cm. 
of soil was measured by taking 200 randomly located soil 
core~, 4cm. in diameter and 3cm. deep, using the same corer 
as in field cage construction (plate 7-3). The grass grubs 
were extracted from these cores by hand-sorting in the field. 
There was thus an experimental population of 200 third-
ins tar larvae present in the study plot at the start of 
each 4-13 day interval. When the 200 field cages were re-
moved at the end of each interval, the netting was removed 
and the soil from each cage examined by hand-sorting. As 
controls, 50 grass grubs were seeded into field cages beneath 
exclusion cages at the beginning of each interval. Birds 
were presumed to have removed the grass grubs which disappeared, 
with a correction for disappearance of controls. Only one 
grass grub was placed in each cage to avoid possible compli-
cations arising through larval combat. By restricting the 
experimental population to the top 3.0cm. (1.2in.) of soil, 
i.e., to the zone where grass grubs are exposed to predation 
by starlings, it was possible to calculate the percentage of 
the grass grubs in the top 3cm. removed by birds (MB) during 
each interval: 
MB = percentage disappearance of experimental popu-
lation - percentage disappearance of controls. 
The number of grass grubs destroyed by birds in each 
interval was calculated from the estimates of population den-
sity in the top 3cm. obtained by coring. Over a given period, 
the density of grass grubs in the top 3cm. will be reduced by 
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mortality and downward movement and increased by upward 
movement of grubs from greater depths. If the density in 
the top 3cm. is assumed to change linearly with time from 
~1 on day 1 to ~t t days later (fig.7-1), the number of 
grass grub-days spent in the top 3cm. during the ~ days is 
(d1 : g~) .t (the shaded area in fig. 7-1), and the average 
density of grass grubs in the top 3cm. during this period is 
I lr s are assume to remove e same propor lon ( ~1 +2 <It ). f b' d d th t· 
of grubs from the top 3cm. on each of the t days, viz., MB, 
:t 
the number destroyed by birds in the t days (NE) is given by 
MB ( 9:12+ <1t ) •••••••••••••• (7 • 1 ) 
where MB is expressed as a proportion. The simplifying 
NE = 
assumptions used in deriving this formula should not introduce 
serious bias into the calculation of NE for short periods of 
4-13 days. 
The experimental field populations also provided a means 
of estimating the proportion of grass grubs in the top 3cm. 
crushed by sheep treading (Me), providing the intervals 
between successive seedings were short enough to prevent 
crushed grubs from decaying beyond the point of recognition. 
A small number of experiments with artificially crushed larvae 
placed in pots of soil in the insectary suggested that the 
remains of crushed larvae are detectable for about two weeks 
after crushing, with the head capsule persisting for several 
days after the abdomen has become unrecognizable. 
In May, 1970, a field trial was carried out in which 
70 freshly crushed third-ins tar grass grubs were placed in 
freshly constructed field cages (5 per cage) in a grass 
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FIG. 7-1. ASSUMED RELATIONSHIP BETWEEN GRASS GRUB 
DENSITY IN TOP 3 eM. AND TIME (SEE TEXT). 
44;---- t days ---~> 
Time 
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grub-free area at Winchmore. These field cages were re-
moved in twos on succeeding days and the decaying grubs 
recovered by flotation and wet sieving. The results (table 
7-1) suggest that ~ period of up to ten days between seeding 
and inspecting field cages would ensure recovery of all 
crushed larvae, with a high recovery up to 15 days. The 
number of grass grubs destroyed by sheep treading (NC) over 
a period of i days was calculated from a formula analogous 
to formula 7.1: 
NC = ( !!1 + !it) Me 2 .................. (7.2) 
Since the remains of grass grubs crushed by sheep treading 
were difficult to recover by hand-sorting, flotation and 
wet sieving were used to extract grass grubs from field 
cages which had been seeded while sheep were present on the 
plot. 
Table 7-1. Recovery of third-instar grass grubs crushed 
and seeded into field cages on 1/v/70. 
Date Days after being crushed Number recovered (out of 10) 
3/v 2 10 
4/v 3 10 
9/v 8 10 
14/v 13 9 
15/v 14 9 
16/v 1 5 7 
19/v 18 6 
_. 
The number of grass grubs added in experimental popu-
lations to the plot where this work was done (200 grubs to 
. .:.";-"". 
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0.64 acres} was negligible in comparison to the population 
already present, which varied from 102 to 1,133 per square 
metre during the study period. 
Analysis of Starling Faeces. 
It was discovered early in this study that the man-
dibles of third-instar grass grubs are often passed whole 
in starling droppings. The feasibility of using faeces 
analysis to quantify predation was examined in feeding 
experiments with captive starlings kept singly in the 
insectary in a small wire cage, measuring 12in. by 18in. 
and 18in. high. Three birds were used in these experiments, 
one of them a twelve-month old female hand-reared from a 
fledgling and the other two trapped as wild adults. The 
birds were given several days to settle down and become used 
to the small cage before the experiments were carried out. 
They were allowed to feed ad libitum from 8 a.m. until 6 p.m. 
throughout the period they were kept in the cage, including 
the duration of the feeding experiments, with a choice of 
mealworms, earthworms, minced beef and commercial bird seed. 
The birds were not given grass grubs for at least four days 
before the start of each feeding experiment. 
An experiment commenced with a bird being offered a 
certain number of third-ins tar grass grubs at 7.55 a.m. 
Grass grubs wereamghly preferred food and the starlings 
readily consumed up to 75 in ten minutes or less, ingestion 
time being taken as 8.00 a.m. The floor of the cage comprised 
a series of layers of newspaper and the faeces were collected 
at 2-hourly intervals until 6 p.m. by removing the top layer 
of paper. A further collection was made at 8 a.m. the 
following morning, and in three of the experiments faeces 
collection was continued throughout the following day and 
terminated at 8 a.m. on the next day, 48 hou~s after ingestion 
of the grass grubs. The faeces were dissected under a 
binocular microscope and all grass grub mandibles, both 
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whole and fragmented, removed and counted.. The first 
mandibles to appear were always whole, but the proportion 
of fragmented mandibles gradually increased until very few 
complete ones were found 8-10 hours or more after ingestion. 
The mandibles of Costelytra zealandica are light brown with 
a black-tipped scissorial part (Hoy and Given, 1952, plate 
1), which is easily recognised and always remained whole in 
fragmented mandibles. The scissorial part was therefore 
used for counting purposes. The starlings produced on aver-
age 13.8 droppings per hour (range: 7-22) during the day 
(8 a.m. - 6 p.m.) and 7.0 droppings (range: 4-9) overnight 
and up to 8 a.m. the next morning. Most of the overnight 
droppings were very large. The results of these experiments 
are summarized in table 7-2. 
Experiment 1 was done with the hand-reared subadult 
female, experiments 2 and 3 with the wild-caught adult 
female, and experiments 4 and 5 with the wild-caught adult 
male. There appeared to be too much variability in recovery 
of mandibles, both within and between birds, for faeces 
analysis to be a satisfactory technique for quantifying 
predation. The percentage of the mandibles recovered during 
the first 2-4 hours after ingestion is critically important, 
since it would be desirable to collect fresh faeces from the 
immediate vicinity of where their contents were ingested. 
The starlings observed in this study seldom spent more than 
1-2 hours in anyone 4-8 acre paddock, although they often 
spent considerably longer in an area of 40-50 acres. The 
percentage recovery from 0-2 hours after ingestion varied 
from 0-16.6%, and from 0-4 hours after ingestion it varied 
from 1.6 to 36.6%. A major proportion of the mandibles 
recovered were usually passed in the large overnight faeces, 
although this varied from 16.6 to 58.2% of the total, and 
mandibles continued to appear in the faeces 24-48 hours after 
ingestion. Since it appeared from these preliminary experi-
ments that the intrinsic variability would defeat attempts 
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Table 7-2. Recovery of grass grub mandibles in faeces of 
captive starlings. 
Experiment no. 1 2 3 4 5 
-
No. of grass grubs 
inge sted 31 15 61 75 75 
Hrs. after ingestion Percentage recovery in each period 
of total no. of mandibles ingested 
0 - 2 0.0 16.6 4.1 0.6 2.0 
2 
- 4 1.6 20.0 7.4 .1. 3 12.0 
4 - 6 3.2 13.3 7.4 1.3 12.6 
6 - 8 12.9 23.3 0.8 6.6 6.0 
8 -10 8.1 6.6 4.9 9.3 24.6 
10-24 32.2 16.6 58.2 41 .3 16.6 
(overnight) 
24-34 nc nc '0.0 0.6 9.3 
(following day) 
34-48 nc nc 0.8 1.3 6.6 
(following night) 
Total % age 58.0 96.4 83.6 62.3 89.7 
recovered 
nc faeces not collected. 
to precisely estimate the number of grass grubs ingested, 
faeces analysis was not persevered with. Nevertheless, this 
technique is very useful in providing qualitative con-
firmation that starlings consume grass grubs, and for ob-
taining a broad description of the starling's diet (Lobb 
and Wood, 1971). 
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Energetics. 
No attempt was made to study the energy requirements 
of captive starlings, but the calorific values of grass 
grubs and earthworms were determined and used in con-
junction with published data on the ene~requirements of 
starlings and passerines in general. This allowed the 
potential capacity of starlings for consumption of grass 
grubs to be calculated approximately. 
Experiments with Captive Starlings. 
Since the numbers and the probing rate of starlings 
could be measured by observation in the field, and the 
density of grass grubs in the top 3cm. was readily estimated 
by soil coring, it would have been possible to estimate the 
number of grass grubs removed by birds if the percentage of 
successful probes, i.e., probes in which grass grubs were 
captured, was known at a particular grass grub density and 
soil condition. Experiments were therefore devised with 
captive starlings to investigate the relationship between 
capture success, defined as the number of grass grubs 
captured per 100 probes, gmss grub density in the top 3cm. 
of soil, and soil conditions. 
A cage 7ft. long, 2tft. wide and 4ft. high was constructed 
on a bench inside the screened insectary. The top of the 
~ and two of the sides, including the one facing the out-
side, were covered with wire netting. The other two sides 
were covered with hardboard, the only openings being a 
movable flap for placing food, water and pieces of turf in-
side the cage and a window containing an 18in. by 12in. one-
way mirror. A hide was built against the cage, adjacent to 
the one-way mirror, as the one-way effect is only complete 
if the viewing side is darkened. By placing a piece of turf 
containing grass grubs into the cage it was possible to gain 
a close-up view through the one-way glass of starling probing 
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behaviour, the bird being unaware that it was being watched 
by an observer 12-18 inches away. At this distance it was 
possible to make detailed observations of the bird's probing, 
and capture of grass grubs was readily detected (plates 
11-5 and 11-6). 
The birds used in these experiments were all trapped 
as wild adults, and they usually settled down in captivity 
after 2-3 days. Although it had been expected that some 
birds would refuse to settle in captivity, in the light of 
th~ findings of other workers (Brower, 1960; Mook and 
Marshall, 1965), this did not eventuate. Five birds were 
used, three males and two females, with no more than two 
kept at anyone time. Three of them were released after 
·3-4 weeks, apparently unharmed by their period in captivity. 
The other two lived together in captivity for three months 
with no obvious signs of ill-health until both died of un-
known causes within a three day period. 
Experiments on capture success were carried out with 
pieces of turf collected from the field by driving a 7.6cm. 
high stainless steel frame, with inner dimensions 29.85cm. 
(11.75in.) square, into the soil with -a wooden mallet until 
it was flush with the surface, and removing it with a spade 
(plate 7-10). This allowed the turf to be collected with 
minimal disturbance to its structure. Turf was usually 
collected from areas at Winchmore known to contain grass 
grubs. The grass was clipped to a height of approximately 
half an inch, and one measurement of soil penetrability in 
the top 1 inch made with the soil penetrometer described on 
p.111. 
The square of turf within the metal frame was then placed 
inside the cage and the number of probes and the number of 
grass grubs captured were recorded until the bird had made 
100-150 probes. The turf was then removed and the number of 
grass grubs remaining in the top 3.0cm. determined by careful 
136. 
Plate 7-10. Collecting t u rf in t h e field with an 11.75 in. 
square metal frame for use in experiments 
wi th captive starlings. 
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hand-sorting. The number of grass grubs initially present 
in the top 3.0cm. was given by the sum of the number captured 
and the number remaining. In some experiments the depths 
of ten randomly selected probe-holes were measured with 
a straw before counting the remaining grass grubs. 
To obtain a wide range of grass grub densities, grubs 
were seeded with a 0.7cm. diameter cork borer into the 
squares of turf used in some experiments. These grubs were 
initi~lly seeded in from the top surface, but the eyesight 
of the starlings was so acute that they soon learnt to find 
the places where disturbance of the surface indicated the 
presence of a se~ded grub, even though attempts were made to 
remove signs of disturbance. On one occasion, three squares 
of turf, each containing one grass grub seeded in from the top 
surface, were placed in the cage in succession, and the bird 
found the single grass grub in each square of turf with its 
first or second probe. The results of experiments in which 
grass grubs had been seeded in from the top were therefore 
discarded, and in all subsequent work grass grubs were seeded 
in from the bottom of the square of turf, so that they were 
0.5-3.0cm. beneath the top surface. The experimental field 
populations of third-ins tar grass grubs used in plot 3 were 
all seeded in from the upper surface, but it is most unlikely 
that the wild starlings would have learnt to locate these 
grass grubs by signs of soil disturbance, since there were 
only 200 seeded grubs amongst a natural population of several 
hundred per square metre in the top 3.0cm. of the 0.64 acre 
plot. The similarity of the estimates of predation mortality 
obtained from experimental field populations and exclusion 
suggests that no such source of bias was operative in the field. 
Only third-instar grass grubs were used in all experi-
mental work with captive starlings. The birds were fed ad 
libitum on minced beef, with occasional mealworms, earthworms, 
,' ... --.-' .... -. . .......... <.;._ ... ,. 
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grass grubs and bird seed for variety. They always probed 
readily into turf placed inside the cage, even if it con-
tained no grass grubs or earthworms, unless they had just 
eaten a large quantity of a favoured food such as mealworms 
or grass grubs. Experiments on capture success were initi-
ally done with two birds at a time. Since the birds usually 
probed rapidly and fed together it was only possible to watch 
one of them, but it was reasoned that both would capture the 
same number of grass grubs, on average. However, experi-
ments in which a second observer was present and ,both birds 
were watched revealed that differences between birds, although 
not consistent, were often great enough in an individual 
experiment to make the assumption of equal capture seriously 
astray. The results of experiments with two birds were there-
fore discarded and all subsequent experiments were performed 
with a single bird, the second bird, if present, being re-
moved from the cage prior to the experiments. 
As well as studying capture success and probe-hole 
depths, experiments with captive starlings were used to 
determine whether starlings feeding within areas of grass 
grub-damaged turf are able to detect grass grubs before 
probing or whether they simply probe randomly. Grass grubs 
were seeded into localised areas of 11.75in. squares of turf 
in known 1.96in. by 1.96in. squares, and the turf was left 
for 4-7 days to allow the grubs to adopt normal positions. 
The squares of turf were then placed in with a starling and 
removed after 20-50 probes, the positions of any successful 
probes (usually 0 or 1) within each square being noted care-
fully. The distributions of probe-holes and grass grubs 
remaining in the top 3.0cm. within each square of turf were 
then examined on a 1.96in. by 1.96in. grid. The squares of 
turf used in this work were collected from a grass grub-
free area. 
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CHAPTER 8 
STUDY PLAN 
The field work of this study was carrie4 out over the 
period December, 1968, to December, 1970, and incorporated 
work on bird predation of larvae and adults of two sUCCes-
sive grass grub generations. Since the field work differed 
between the two years, it will be outlined separately for 
each-year. 
FIRST YEAR 
Larval Predation. 
The object of the first year's field work was to assess 
the likely significance of bird predation on grass grub 
populations in Canterbury. To this end, four 1 to 4 acre 
study plots were established: Lincoln, Weka Pass, Winchmore 
plot 1 and Winchmore plot 2. These plots were described on 
p. 14. Exclusion was used on each plot to study predation 
on larvae during the autumn and winter of 1969. No other 
techniques were used to quantify bird predation, although 
it had originally been intended to use faeces analysis as a 
check against the exclusion results. Throughout this study, 
except for the Lincoln plot in 1970, paddocks in which study 
plots were situated were managed according ~o normal farming 
practice on that property. 
Winchmore plot 1 was situated in a 4t acre paddock which 
had been closed to grazing since mid-January, 1969. In early 
March, twenty 12-feet square areas were located randomly with-
in parts of the plot which showed visible signs of grass grub 
damage. Ten of these areas were fenced off and half the area 
inside each fence was caged to exclude birds, the other half 
being left uncaged so that sheep but ncibirds were excluded. 
It was hoped that comparison of the survival of grass grubs 
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in the two halves of the fenced areas would allow separate 
estimation of the mortalities caused by bird predation and 
sheep treading. The 10 areas to be fenced off were selected 
randomly from the 20 originally located. The remaining 10 
areas were reduced to 12ft. by 6ft., half their original 
size, to make them the same size as the caged and uncaged 
areas inside the fences. These open areas were marked with 
white wooden pegs and left as they were. 
The grass grub population density wa.s determined by 
taking 8 spade squares from each area on March 13th and 14th. 
The paddock was grazed by a mob of 550 ewes for 1 hour per 
day from March 14th to 21st, for 2 hours per day from April 
3rd to 11th, and set-stocked from April 21st to May 1st. 
It was then used as a run-off until June 3rd, when it was 
closed to grazing until set-stocked with ewes and lambs in 
August. The pasture inside the fenced areas was cut with 
hand-shears to keep it at a similar height to the rest of 
the pasture, except for the uncaged half of five of the fenced 
areas. The pasture was allowed to remain rank in these areas 
to determine the effect on grass grub survival. Each area 
was re-sampled with 8 spade squares on July 2nd and 3rd, when 
the grubs were approaching the end of the third .... instar. The 
fences were taken down and the cages removed in early August, 
and the caged and open areas sampled again on November 6th 
and 7th, when the grubs were teneral adults. 
Winchmore plot 2 was situated in part of a 10-acre 
paddock which had been closed to grazing since early February, 
1969. Twenty 9ft. by 6ft. areas were located in late March 
in parts of the plot showing signs of grass grub damage. 
Ten of these areas were caged with wooden-frame cages, and 
the other 10 pegged and left uncaged. Six spade squares were 
taken from each area on March 21st and 22nd. This paddock 
was strip-grazed by a mob of 180 hoggets during March and 
April, 1969. The area containing the study plot was grazed 
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from March 23rd to April 4th, and the paddock was then closed 
until August when it was set-stocked with ewes and lambs. 
The pasture beneath the exclusion cages was clipped on April 
6th to simulate the close-grazed condition of the rest of 
the paddock. The exclusion cages were removed in September, 
and the areas re-sampled on November 9th, when the grass grubs 
were teneral adults. 
The Lincoln plot was situated in a 5 acre paddock which 
was closed to grazing from late January until late August, 
1969,' i.~., it was not stocked during autumn and winter. 
Twenty-four 12ft. square areas were located randomly in late 
March within parts of the plot showing signs of grass grub 
damage. Twelve of these areas were selected at random from 
the 24, fenced off and caged, and the other 12 pegged and 
left uncaged. Ten cores were taken from each area on April 
2nd and 3rd and again on September 5th-7th. The exclusion 
cages and fences were removed in October. Life table sampling 
was also carried out on this plot, starting with the egg 
sample of December, 1968. 
The Weka Pass plot was situated in a 40-acre paddock. 
Records were not kept of the stocking rates for this paddock, 
but it was lightly stocked with ewes and heifers at various 
times during the autumn and winter of 1969. Twenty 12ft. 
square areas were located in parts of the plot showing obvious 
signs of grass grub damage in early April, 1969, and 10 of 
these were fenced off and caged and the other 10 pegged and 
left open. Eight cores were taken from each area on April 
8th and 9th and again on August 23rd and 24th, when the 
exclusion cages were removed. 
Regular bird counts were made during the autumn and 
winter of 1969 at Winchmore plot 1 and Lincoln, and less 
frequently at Weka Pass and Winchmore plot 2. These counts 
were made from either a hide or a motor vehicle at Winchmore 
plot 1 and from a vehicle at the other plots. 
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Adult Predation. 
Bird predation on adult grass grubs during the grass 
grub flight season in November - December, 1969, was 
studied at the Lincoln plot and Winchmore plot 1. The initial 
aim was to determine the likely extent of bird predation on 
adults by observational studies. Regular counts of bird 
numbers and observations of their feeding behaviour were 
made on the two study plots during the grass grub flight 
season. The behaviour of adult grass grubs on each plot was 
also 'investigated. Regular observations were made during the 
first half to two hours after dusk, when ground collections 
were made of adults active on the pasture surface. Adults 
in flight were trapped with glass impaction traps consisting 
of crossed 24in. by 10in. glass sheets fitted into a 3gal. 
kerosene tin set into the soil and half-filled with water. 
Traps of this type readily catch flying grass grub adults 
(Kelsey, 1968b). The top 2-3in. of the collecting tin pro-
truded above the ground surface to prevent adults from 
crawling in. The top of the glass was 19-21in. above the 
ground. As stock were usually present in the plots during 
the flight season, the glass was removed after each flight 
and replaced the following evening, before the next flight. 
Attempts to use impaction traps with larger (3ft. by 2tft.) 
single panes of glass were unsuccessful because of repeated 
breakages caused by wind. 
The location of adults during the day was studied by 
taking soil cores (Lincoln) or spade squares (Winchmore) and 
dividing each sampling unit into separate vertical strata. 
Adults were extracted by hand-sorting, with subsequent wet 
sieving and flotation if the presence of eggs was suspected. 
This soil sampling also formed the pilot sampling to deter-
mine the timing of population samples. All adult females 
collected in flight traps, ground collections and soil samples 
were sexed, using the criteria of Kelsey (1965) and Kain 
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(1971). Females were fixed in Kahle's solution and pre-
served in 70% alcohol for subsequent dissection to deter-
mine their internal condition. A preliminary study of the 
behaviour of adult grass grubs had been made at the Lincoln 
plot in the previous year, November - December, 1968. 
SECOND YEAR 
Larval Predation. 
In the second year, December, 1969, to December, 1970, 
field work was concentrated at the property containing 
Winchmore plot 1, where the first year's work had shown that 
predation by starlings was high. To determine the influence 
of predation on population trend, two adjacent 3 square chain 
plots were established within a part of Winchmore plot 1 
which had not had exclusion areas on it in the previous year. 
Each plot was situated on a single irrigation border and 
measured 6 chains by t chain. This size was large enough 
to allow full-scale population sampling, and it also avoided 
the possibility of significant changes in population density 
arising through lateral movement of larvae or adults, which 
could occur with small exclusion areas. A life table for 
the 1969-70 grass grub generation was prepared for each plot 
by sampling eggs (in late November, 1969), early and late 
third-instar larvae (March and July, 1970) and teneral adults 
(November, 1970), with a terminal sample in late November, 
1970, of the eggs of the following generation. Each plot was 
divided into 6 t-chain by 1-chain plotlets for sampling 
purposes, an equal number of spade squares being taken from 
each plotlet in population samples. One of the two plots 
(the caged plot) was fenced off and caged with plastic 
netting to exclude birds and sheep during the autumn and 
winter of 1970, while the other (the open plot) was left as 
it was (plate 8-1). The plot to be caged was selected 
randomly from the two. 
Plate 8-1. View of caged 6 chain by t chain plot at 
Winchmore plot 1. Th e open plot comprised 
the adjacent 6 chain by t c hain area of 
ope n pasture on the right of the photograph. 
Note hide in background. 
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144. 
The paddock was grazed by ewes and lambs until early 
January, 1970, and then closed until March 20th, when it was 
grazed by 550 ewes, for 1-2 hours per day until March 29th. 
The paddock was set-stocked from March 30th to April 3rd, 
used as a run-off from April 4th to 9th, then closed until 
June 19th, when it was set-stocked for three days. It was 
stocked with ewes again from July 10th to August 2nd, when 
it was used as a run-off, and then closed until set-stocked 
with ewes and lambs in late August. The caged plot (plate 
8-1).was fenced' off and caged in early March, prior to the 
paddock being grazed. The netting was supported 2-4ft. 
above the ground by strands of high tensile wire running 
across the plot and attached to standards on each side. The 
edges of the netting were held down with pieces of tin. steel 
reinforcing rod. The strips of netting were threaded to-
gether with binder twine. Fist-sized gaps appeared in a few 
of the joins when the netting was stretched into place. 
Although it would have been physically possible for a 
starling to enter through one of these holes, in practice the 
netting was a sufficient deterrent, as no birds were seen 
inside the cage or attempting to enter it during many hours 
of bird-watching. The pasture on the caged plot was cut to 
a height of about half an inch with a rotary-blade motor 
mower in early April. In August the cyclone-netting fence 
was removed, leaving the fence-posts and standards in 
position, and the plastic netting moved to one side, to 
allow sheep to graze the caged plot. 
Winchmore plot 3 was established on the same property 
as Winchmore plot 1, but in a different paddock, for the 
purpose of obtaining two independent estimates of starling 
predation on grass grub larvae, using exclusion and experi-
mental field populations. Plot 3 comprised 0.64 of an acre 
ln a corner of an 8-acre paddock, preliminary soil sampling 
of first-instar larvae in December, 1969, having established 
that this corner of the paddock had a large grass grub 
population. During December, 1969, and January, 1970, 
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3,000 field cages for use with experimental populations were 
constructed in plot 3, in 200 frames of 12 cages with an 
extra 600 cages for controls. The positionsof the 200 
frames were located randomly within the plot and marked 
with white metal pegs, as described in chapter 10. The 
other 600 field cages, which were for use as controls, were 
arranged on a 6in. by 6in. grid in four areas measuring 8ft. 
by 5ft., which could be covered with wooden-frame exclusion 
cages. The paddock containing plot 3 was closed from late 
January until April 10th, when it was grazed by a mob of 
550 ewes. Grazing was for 1-2 hours per day up to April 
27th and 5-6 hours per day from April 29th to May 3rd, and 
the paddock was used as a run-off from May 4th to June 18th, 
and again from June 22nd to July 9th. 
Plot 3 had a very high population of third-ins tar grass 
grubs and consequently showed little pasture growth when 
closed to grazing in late summer. By early March, starlings 
were beginning to feed in considerable numbers in the patches 
of grass grub-damaged pasture, even though there were no 
sheep present. The study was therefore commenced on March 
9th and 10th, when exclusion areas were located and sampled 
and the first field cage in each of the 200 frames was seeded 
with a third-instar larva. There were 169ft. by 6ft. ex-
clusion areas, half of which were covered with wooden-frame 
exclusion cages. Removal of seeded field cages, seeding of 
new ones and measurement of the grass grub density in the 
top 3cm. continued at 4-13 day intervals until the end of the 
study, June 27th. Exclusion areas were resampled on April 
8th and 9th, immediately before the paddock was grazed, and 
on June 27th and 28th. The grass under the exclusion cages 
was cut with a rotary mower in late April. 
In the period March-J"uly, 1970, a large amount of time 
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was devoted to a series of all-day and half-day bird ob-
servations at Winchmore plot 3, involving starling counts 
and measurements of probing rate and soil penetrability. 
Bird counts were made less frequently at the open plot, on 
Winchmore plot 1. In addition, 1.0 acre plots were marked 
out on various occasions in paddocks adjacent to that con-
taining plot 3, and the density of the grass grubs in the 
top 3.0cm. measured by taking one hundred 4.0cm. diameter 
cores. During the next few days,a half-day observation 
periou was spent at the plot to count the number of birds 
which visited it and to measure with a stop-watch the dur-
ation of each visit to the plot by a flock of starlings. 
Soil penetrability was also measured, by taking 10 penetro-
meter readings at the end of each observation period. 
One other study of larval mortality was made on this 
property in 1970: three areas measuring 2 chains by I chain 
and with low grass grub densities (judging by pasture damage) 
were located and pegged out in the same paddock as plot 1. 
The grass grub populations of these areas were estimated by 
taking 50 spade squares from each in March and again in 
July, with the object of measuring larval mortality at lower 
densities than those encountered in the exclusion areas. 
These three areas were named A, Band C. 
Life table sampling was continued at the Lincoln plot 
in the second year of the study, and exclusion was again 
used to estimate predation mortality, with the same number 
and size of exclusion areas as in 1969. Since the Lincoln 
plot had been closed to grazing throughout the autumn and 
winter of 1969, it was decided to stock it as heavily as 
possible in the winter of 1970, to determine whether high 
stocking numbers directly influenced grass grub survival and/ 
or served to attract starlings. The paddock was closed from 
late December, 1969, to May 10th, 1970, when it was set-stocked 
by a mob of 70 hoggets until June 8th. The paddock was used 
.: : -: :.: ~. . ... 
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as a run-off for a mob of 500-700 ewes from June 9th until 
July 30th, the sheep spending 3-6 hours per day in an 
adjacent turnip paddock and the rest of the day in the run-
off. Fences and exclusion cages were erected in early April 
andsampled on April 11th and again on August 25th. The 
pasture in the caged areas was cut with a rotary-blade 
mower in mid-July. Bird counts were made at the Lincoln plot 
as time permitted. 
Effects of Winter Ploughing on a Grass Grub Population. 
The effects of winter ploughing, which directly kills 
some grass grubs and exposes others to bird preuation, were 
investigated at Weka Pass in 1970. A 55-acre paddock con-
taining several patches of grass grub-damaged pasture was 
ploughed by the farmer on June 9th - 11th. On June 5th, 12 
8ft. square areas were pegged out within damaged patches, 
and their grass grub and earthworm populations estimated by 
taking five spade squares from each area. Six of the areas 
were located near the edge of the field and were ploughed on 
June 9th. An 8ft. square frame of tin. reinforcing rod, 
covered with plastic netting to exclude birds, was placed 
over each of these areas after it had been completely ploughed. 
The other six areas, which were not caged, were located near 
the centre of the paddock and were ploughed on June 11th. 
The position of each of these areas was remarked on June 9th 
by placing two pegs (2 and 3) on the adjacent ploughed pasture 
a known distance from the peg marking the north-east corner 
of the area (peg 1), with the three pegs forming a straight 
line. Peg 1 was then removed and its position could be 
relocated by placing it in a straight line with pegs 2 and 3 
and a known distance from peg 2. This allowed the positions 
of these uncaged areas to be relocated for sampling purposes 
without repegging them as they were ploughed, which would have 
disturbed the birds following the plough. On June 9th a one-
foot square wire quadrat was used to count the number of grubs 
· - ,-------- - - --::-: - - -.-= . - . - ~ - . - -
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and earthworms brought to the surface by ploughing in three of 
the caged areas, and observations were made of the time 
taken by exposed grubs and worms to tunnel back into the 
soil. On June 11th observations of the species, numbers 
and feeding behaviour of birds following th~e plough were 
made with 16x50 binoculars from a hillside adjacent to and 
overlooking the paddock~ The 12 areas were resampled on 
June 20th. 
Adult Predation. 
Work on predation of adults took the same form as in 
the previous year, but was concentrated entirely at Winchmore 
plot 1. In addition, the effects of i~rigation, which 
flushes some adults out of the soil and often attracts large 
numbers of gulls and other birds, were studied on the open 
and caged plots, which were irrigated on November 20th. 
Sheep were removed from the paddock for this day and the 
plastic netting pulled back into place over the caged plot, 
the standards and. wire supports having been left in place 
when the caged plot was re-opened to stock in the previous 
August. The numbers and species of birds feeding on the 
open plot during irrigation were observed from an adjacent 
paddock, where observations and collections were also made 
of adult beetles on the surface. 
Measurement of Pasture Production. 
In the second year of this study the effects of grass 
grub on the production of irrigated Winchmore pastures were 
investigated by measuring pasture production in areas with 
different grass grub populations once in each season (summer, 
autumn, winter and spring). Grass grub damage to these 
irrigated pastures is most apparent visually in autumn, 
particularly in paddocks which have been closed to grazing 
for several weeks. Net autumn pasture production was measured 
in three such areas, viz., the paddock containing Winchmore 
plot 1, an adjacent paddock on the same property, and 
.. ':--.:- .. : -
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Winchmore plot 2, in the autumn (March-April) of 1970. In 
each case net production was measured immediately prior to 
the area being grazed. The sampling unit was an area of 
one square foot: a wooden frame one foot square in outer 
dimensions was placed in a randomly located position and 
the pasture immediately surrounding it clipped close to 
ground level and discarded. The frame was then removed and 
the pasture in the foot-square area clipped off atgrazing 
height (approximately half an inch) and placed in a paper 
bag for subsequent drying at 800 C to constant weight. 
All cutting was done with hand-clippers. 
In the autumn sample at Winchmore plot 1 a single 
square foot sampling unit was taken from each of the twenty 
areas which had been used as open or caged exclusion areas 
in the autumn and winter of 1969, and 5 spade squares were 
taken from each area to measure grass grub population den-
sity. A further 20 square-foot sampling units were taken, 
10 from "undamaged" areas of the paddock, i.e., parts of the 
paddock t square chain or larger which showed no visible 
signs of pasture damage, and 10 from area D, a 1t square 
chain area which showed signs of damage in the autumns of 
1969 and 1970 and was selected as being typical of those 
parts of the paddock infested by grass grub. After clipping 
the pasture from the sample sites in undamaged areas and area 
D, a spade square was taken from each site and the grass grubs 
extracted by hand-sorting in the field. In the paddock 
adjacent to Winchmore plot 1 there were several small areas, 
up to 3ft. across, of badly damaged pasture. Ten pasture 
samples were taken from each of three strata in this paddock: 
badly damaged, moderately damagedi and apparently undamaged 
pasture. The same procedure was adopted at Winchmore plot 2, 
which showed extensive areas of severe pasture damage in 
1970. On that plot the grass grub population in the 1969 
exclusion areas was sampled by taking five spade squares from 
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each area. 
In the other seasons of the year, winter, spring and 
summer, grass grub damage was not usually apparent visually, 
except in badly damaged areas in winter. Since the study 
areas were normally being grazed or had recently been grazed 
at these seasons, pasture production was measured by a 
variant of the enclosure or rate of growth technique des-
cribed by Lynch (1947, 1960). This entailed selecting 
sample sites at random, giving each a preliminary trimming 
to a height of t - iin.,putting a stock-proof cage over each 
site, and reclipping the sites 2-4 weeks later. The second 
clip was oven-dried and weighed and represented net pasture 
production (regrowth) over the 2-4 week interval. 
Different methods of measuring pasture production may 
give considerably different results in some cases (Lynch and 
Mountier, 1954; Radcliffe, Dale and Viggers, 1968). In this 
study the object was to assess the effect of grass grub on 
pasture production in different seasons. The above method 
was chosen partly for convenience and partly because a 
similar method has been used for several years to measure 
pasture production at the Winchmore Irrigation Research 
Station, so that the results obtained would be broadly com-
parable to available data on the production of good irrigated 
Winchmore pastures. Small pasture cages (~., Radcliffe 
et al., 1968) are highly suitable for measuring pasture pro-
duction in areas of a single paddock infested or uninfested 
by grass grub (W. M. Kain, pers. comm.). In this study, 
metal milk crates measuring 12tin. by 17tin. and 12t in. 
high were used. The preliminary trimming was given to an 
area 3ft. by 2ft., the cage being placed in the centre of 
this area, and held firmly in place with metal pegs. The sub-
sequent production cut was taken from a one foot square 
area, delineated with the wooden frame, in the centre of the 
caged area. Subsamples for herbage dissection were taken by 
.. ,-:. - ."-' ;-;. 
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collecting an approximately equal sized subsample from the 
herbage clipped from each sampling site. The subsamples 
weighed 15-25% of the total dry weight of herbage. 
Summer (January - February) samples were taken in 
1970 and 1971, with 10 sample sites from each of the open 
and caged plots and from undamaged areas (all references to 
pasture damage refer to damage visible in the autumn). In 
1971, samples were also taken from area D, areas of 
Winchmore plot 1 which had been used as exclusion areas in 
1969; areas of plot 3 which had been used as exclusion areas 
in 1970, and undamaged areas of the paddock containing plot 
3. All of these areas were also sampled in the spring 
(October - November) sample of 1970. The winter (July -
August) sample was restricted to the caged and open plots, 
area D and undamaged areas of the same paddock. 
In the autumns of both 1969 and 1970 the border-dyked 
part of the paddock containing plot 1 was divided into 38 
2 chain by I chain areas immediately before it was grazed, 
and each area was classified visually as infested or unin-
fested, according to whether signs of grass grub damage were 
apparent or not. 
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PART IV: RESULTS AND DISCUSSION 
CHAPTER 9 
LIFE CYCLE AND VERTICAL DISTRIBUTION OF GRASS GRUB 
The results of regular pilot sampling at Winchmore plot 
1 and the Lincoln plot are presented in appendix XI and 
figs. 9-1, 9-2 and 9-3. 
LIFE CYCLE 
The phenological development of grass grub at Winchmore 
and Lincoln follows a similar pattern to that described by 
other workers (e.g., Pottinger, 1968). In irrigated Winchmore 
pastureland, the development of the individuals comprising 
the population is well synchronized (figs. 9-1 and 9-2). The 
pattern of development was very similar in both years. The 
tails to the curves for first and second-instar larvae are 
mainly due to milky-diseased larvae, which do not develop 
further but often live for several weeks before dying. 
Development was not as well synchronized at the Lincoln 
plot in 1969 (fig. 9-3), with considerable overlap between 
developmental stages, particularly during the period September 
to November. The greater spread of development at Lincoln 
may have resulted from a greater heterogeneity of environmental 
conditions than encountered at Winchmore. Whereas irrigated 
paddocks are graded when being border-dyked and are therefore 
relatively ,uniform in microtopography, the Lincoln plot, 
although flat, contained several slight rises and depressions, 
where soil moisture and temperature may have differed enough 
to affect the development of grass grubs. In addition, 
Canterbury suffered a severe autumn drought in 1969, which 
resulted in approximately t of the grass grub population at 
the Lincoln plot overwintering as second-instar larvae. 
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FIG. 9-3. LIFE CYCLE AND VERTICAL DISTRIBUTION OF GRASS GRUB AT LINCOLN, 1969. 
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Table 9-1 shows the rainfall for the first four months of the 
year recorded at the Lincoln College weather station, which 
is situated within one mile of the study plot. In 1969, 
rainfall was slightly above normal in January but little fell 
in February and March, resulting in very dry soil and 
negligible pasture growth. The drought was broken by a fall 
of 1.10in. on April 23rd, with 2.20in. of the April rainfall 
falling on or after this date. 
Table 9-1. Rainfall recorded at the Lincoln College weather 
station (inches). 
,-0 ____ 0 
Year January February March April 
1968 4.38 2.10 1.33 8.03 
1969 2.50 0.62 0.57 2.40 
1970 2.29 0.74 4.15 1.94 
Average 
for 2.2 1 .9 1.8 1 .7 
station 
While non-irrigated Canterbury soils are usually dry in 
January and February, in 1969 conditions remained extremely 
dry during March and April, e.g., soil moisture measurements 
made on the Lincoln plot in early April, 1969, gave the 
following results: 
Depth (inches) 
0-1 
1-3 
3-5 
5-8 
%soil moisture (%age of 
dry weight) 
6.5 
8.2 
10. 1 
9.5 
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Under these extremely dry conditions the larvae appeared 
to be inactive, since most were stunted in size and sluggish 
in movement. After the drought broke in late April, the 
larvae quickly resumed normal appearance and behaviour, but 
grubs which were still in the second instar at this time 
remained in this stage throughout the winter and entered the 
third instar in the following spring (October). All second-
instar larvae collected in September and October, 1969, and 
placed in pots of soil in the insectary had changed into the 
third instar by the end of October, and second-instar larvae 
were virtually absent in the field after this time (appendix 
XI and fig. 9-3). The larvae which had overwintered as 
, 
second-instars apparently remained in the third instar until 
pupating in September-October, 1970, i.e., they entered a two-
year life cycle. Regular pilot sampling was not continued at 
Lincoln in 1970 because of a fall-off in population density, 
but population samples in January and February, 1970, revealed 
that second-year grubs were present as third-ins tars through-
out the 1969-70 summer. After the larvae of the 1969-70 
generation entered the third ins tar in March, 1970, it was 
no longer possible to distinguish first-year (1969-70) and 
second-year (1968-70) grubs. 
It is possible that some of the second-year grass grubs 
may have pupated and emerged as adults during the 1969-70 
summer, as Kelsey (1968b) reported that small numbers of 
Costelytra zealandica adults emerged at a mid-Canterbury site 
after the main flight season, in the period January to mid-
March. However, four traps (one pint glass jars containing 
half an inch of water) baited with a component of a commer-
cial adhesive known to contain a powerful attractant of adult 
male grass grubs(Osborne and Hoyt, 1969, 1970) were present 
on the Lincoln plot for most of the period January to April, 
1970, and the bait was renewed regularly, but no grass grub 
adults were trapped. Neither were any prepupae, pupae or 
- ...... '-.~' 
.... -- ... - ... , .. - --- '- - ,'- -
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adults found in three population samples taken during this 
period. Further, of 15 third-instar larvae collected from 
the plot in November and December, 1969, and kept in pots 
of soil in the insectary, none developed beyond the third 
instar until September, 1970, when the four survivors pupated. 
It thus appears that the autumn drought of 1969 in-
hibited the feeding of the grass grubs at Lincoln to the 
extent that one quarter of the population was unable to 
complete the second instar until the following spring and 
enter~d a two-year life cycle. There are no records in the 
literature of drought causing a two-year life cycle in 
Costelytra zealandica, although the species is commonly 
known to have two-year generations in colder parts of New 
Zealand. Delayed larval development caused by lack of food, 
with consequent doubling or tripling of the length of the 
life cycle, has been recorded in other melolonthines (~., 
Edwards and Heath, 1964, p. 212; Tashiro et al., 1969). A 
similar effect was noted at the Weka Pass plot, where samples 
taken in April and August, 1969, revealed 12% and 17%, 
respectively, of the population in the second instar, with 
the rest third-instars. 
A small proportion of the population may have a two-
year life cycle even when autumn food and moisture supplies 
are plentiful. For example, in preliminary samples taken 
at the Lincoln plot in August, 1968, 3% of the population 
were second-instar larvae, while a small number of third-
instar larvae were found in the egg sample taken in early 
December, 1968 (see appendix XI). Rainfall (table 9-1) 
and pasture growth were considerably above normal at Lincoln 
during the first four months of 1968. Similarly, in irrigated 
Winchmore pastureland a very small proportion of the popu-
lation apparently overwintered as second-instar larvae, and 
entered the third-ins tar in the following spring, since 
apparently healthy second-instar and third-instar larvae 
were occasionally found in samples taken during winter 
... ','<.-.: -:'-'" .>;.-.--- .. ~-" 
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(May-August) and spring (November) in both years. 
At Lincoln in 1970 population samples revealed that 
second-instar larvae comprised 20% of the population in 
April, 16% in August and 18% in October (together with 
recently ecdysed third-ins tar larvae), with third-instar 
larva,e present in similar numbers in early December, i. e. , 
15-20% of the 1969-70 grass grub generation at Lincoln 
entered a two-year (1969-71) life cycle, a similar situation 
to the previous year. Table 9-1 shows that in 1970 the rain-
fall 'in February was well below average, although January 
rainfall was close to the average figure and March was 
wetter than usual. 3.84 inches of the March rain fell on or 
after March 14th, and February and early March of 1970 were 
marked by very dry soil conditions and poor pasture growth. 
The effects of this dry spell on soil moisture were enhanced 
by the fact that recovery from the previous autumn's drought 
was incomplete, as rainfall in the period May-December, 1969 
had been well below average. Under these circumstances the 
dry spell in February and early March was sufficient to 
cause 15-20% of the population to spend the following winter 
as second-instar larvae and enter a two-year life cycle. 
The results from 1968, 1969 and 1970 suggest that weather 
conditions in February are critical in determining the pro-
portion of the population which is still in the second instat 
at the onset of the winter, when temperatures and possibly 
root growth are apparently too low for the second instar 
to be completed, even though winter soil moisture is adequate 
for normal feeding and movement of larvae. 
VERTICAL DISTRIBUTION 
The vertical distribution of grass grub at Winchmore 
(figs. 9-1 and 9-2) followed a very similar pattern in the 
two years. Eggs were never found in the top one inch of 
turf. During larval development there wa~ a gradual increase 
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in the proportion in the top inch, which reached a peak of 
65-70% early in the third instar. The gradual upward move-
ment of larvae probably results from a continual search 
for fresh root material, with larval feeding starting at the 
depths at which eggs are laid {1-6in.}. The temporary de-
cline in the proportion in the top inch observed ~n late 
February reflects the downward movement of grass grubs at the 
completion of the second instar. A large proportion of the 
third-ins tar larvae found in late February samples were at 
depths greater than one inch, with many of them still within 
the cell where ecdysis had taken place. The proportion in 
the top inch remained high from March until June or July, then 
gradually declined as larvae completed their feeding and 
moved down to seek pupation sites. Prepupae and pupae were 
never found in the top inch, and the only grass grubs present 
at this level in September-October were a few third-instar 
larvae. Adult grass grubs appeared in the upper levels 
immediately prior to andduring the flight season, with some-
times more than 50% of the population in the top inch {in-
clUding those sheltering above the surface} during the day. 
Grass grubs were never found in the subsoil, which commenced 
at depths of 6-8in. at Winchmore plot 1 and 10-12in. at 
Lincoln. 
The vertical distribution at Lincoln {fig.9-3} followed 
the same pattern, with the exception that the upward movement 
of larvae was greatly delayed by the autumn drought. Drought 
conditions generally impede the normal feeding behaviour of 
scarabaeid larvae and force them to remain relatively deep 
in the soil, as discussed on p.479. Non-irrigated Canterbury 
Plains soils are normally very dry during the summer months 
of December, January and February {Rickard and Fitzgerald, 
1970),so that the upward movement, of first and second-instar 
grass grubs into the top inch of these soils probably occurs 
later, and to a lesser extent, on average, than in irrigated 
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soils. In 1969 the dry conditions persisted throughout 
March and most of April, and the upward movement of grass 
grubs was delayed until late autumn. A sample taken ten 
days after the drought had broken in late April showed that 
about 30% of the population had moved up into the top inch 
in this short time, and the proportion of the population ln 
the top one inch reached a peak in mid-June. The effect of 
irrigation on the vertical distribution of grass grubs in 
Canterbury soils is thus to allow relatively unimpeded up-
ward movement of larvae during sum~erand autumn. 
The vertical distribution of grass grubs is also in-
fluenced by population density. The upward movement of 
larvae would be expected to be greater, or at least occur 
earlier, in areas of higher grass grub density, since root 
depletion would occur at a faster rate. Information obtained 
in this study on the vertical distribution of third-ins tar 
larvae (March-April) in irrigated plots, follows this expected 
pattern (table 9-2 and fig. 9-4). Less information is 
available from the non-irrigated Lincoln plot (table 9-3), 
but a similar effect is apparent. In table 9-3 the vertical 
distribution is compared for mid-June in each of the two years, 
as it was affected by drought during April, 1969, while popu-
lation densities are given for the area sampled, viz., 
patches of grass grub-damaged pasture (1969), and damaged 
patches plus margins of damaged patches (1970), rather than 
for the whole plot. 
The starling has a bill approximately one inch long. 
Grass grubs are therefore potentially available to starlings 
for two separate periods of the year in irrigated Winchmore 
pastureland: January to August, when larvae are present in 
significant numbers in the top one inch of soil, and a shorter 
period in November and early December, when adult grass grubs 
are abundant in the top inch and on the surface beneath vege-
tation. This is similar to the pattern expected from a 
FIG. 9-4. RELATIONSHIP BETWEEN VERTICAL DISTRIBUTION AND POPULATION DENSITY 
OF THIRD-INSTAR GRASS GRUBS (MARCH-APRIL) IN IRRIGATED WfNCHMORE 
PLOlS. (LINE DRAWN BY EYE). 
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review of the literature (p.479). Although first and 
second-instar larvae are available to starltngs in January 
and February and the soil is often soft enough to facilitate 
probing at this time of the year, particularly during and 
for 1-2 days after an irrigation, Lobb and Wood (1971) found 
that grass grubs did not form a significant part of the 
starling's diet until March, when third-ins tar larvae appeared 
in the top inch of soil in large numbers. Observations of 
starling feeding behaviour at Winchmore plot 1 during irri-
gations in January and February revealed that the birds 
concentrated almost entirely on hunting surface insects, such 
as weevils, with very little probing, even though the soil 
was very soft and grass grubs and earthworms were abundant in 
the top inch. It appears that the abundance of surface-
dwelling insects in irrigated pastures during summer is 
sufficient to make subsurface invertebrates relatively un-
attractive to starlings until full-sized (third-instar) grass 
grubs appear in large numbers in the top layers of soil in 
March. 
At the non-irrigated Lincoln plot in 1969, grass grub 
larvae were available to starlings from May to September, 
and adults in November and early December. In a year with 
more normal rainfall, third-ins tar larvae would probably 
appear in the top inch of non-irrigated soil in sufficient 
numbers to attract starlings in March or April. The dry con-
ditions typical of January and February would generally in-
i hibit starling feeding un grass grubs in non-irrigated 
Canterbury pastureland, except perhaps for periods of heavy 
rain. 
Within the period when starlings prey on third-instar 
grass grubs, changes in the vertical distribution of grass 
grubs from hour to hour or day to day could affect their 
availability to starlings. Allison (1969) suggested that 
the vertical distribution of grass grubs may change with the 
- -"- ""," ","-"~.~"-
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Table 9-2. Vertical distribution of third-ins tar grass 
grubs in irrigated Winchmore plots at different 
population densities. 
Plot Date of Population %age in 
sample density 2 
(grubs/m. ) 
top 1" 
~rea C 21/iii/70 87.83 25.4 
Area B 21/iii/70 173.94 . 43.9 
~rea' A 21/iii/70 199.77 38.2 
Plot 1, open 
12/iii/70 areas, 1969 473.60 56.2 
Open plot 19/iii/70 499.74 68.1 
Plot 1 13/iii/69 580.70 60.7 
Plot 2 21/iii/69 631.07 51.7 
Plot 1 , caged 
areas, 1969 12/iii/70 841,29 71 .0 
Plot 3 9/iii/70 1133.51 68.7 
Plot 2 12/iv/70 1341 .16 84.3 
-(% age in top 3.0cm. for plot 3). 
Table 9-3. Vertical distribution of third-instar grass 
grubs at Lincoln. 
r--" 
Date of sample Population density in2 %age in top 1" area sampled (grubs/m. ) in mid-June 
2/iv/69 297.01 60.0 
11/iv/70 79.56 29.0 
- -
time of day, while the effects of soil moisture on the vertical 
distribution of scarabaeid larvae are disoussed on p.479 • 
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Pilot samples were taken at various times of the day in 
this study but there was no marked effect of soil moisture 
or time of day on vertical distribution at Winchmore, i.e., 
samples taken on any day and at any time of the day in the 
period March to June revealed large numbers of grass grubs in 
the top one inch. Soil moistures did not fall to a low 
enough value to have a major effect on the vertical distri-
bution of third-ins tar larvae at Winchmore from March to 
July. For example, plot 1 was noticeably dry on February 
27th,1970 (it was irrigated the following day), and soil 
moisture measurements taken from a patch of grass grub-
damaged pasture gave values of 16.0% at depths of 0-1in. 
and 18.1% at 1-4in. Three spade squares taken within 3ft. of 
the site where the soil moisture samples were taken were 
examined in vertical strata, and 47.0% of the larvae, which 
were "almost all third-instars, were in the top inch (table 
9-4). Since the irrigated plots were rarely or never as dry 
as this during March-July in 1969 and 1970, it appears that 
the soil did not become dry enough to cause marked downward 
movement of grass grubs during the major period of starling 
predation. 
Likewise, increases in soil moisture up to field capacity 
appeared to have only a minor influence on vertical distri-
bution. For example, ten spade squares were taken on May 6th, 
1970, from a nine feet by six feet area at Winchmore plot 1 and 
a similar number on May 11th, and examined in separate verti-
cal strata. Soil moisture measurements were also taken on 
both days. The sample area was covered with a wooden-frame 
exclusion cage between the two sample days. 0.91in. of rain 
fell over the period May 8th - 10th. The results of these 
samples are shown in table 9-5. The 14-15% increase in soil 
moisture in the top inch, which was very wet and probably 
close to field capacity on May 11th, was accompanied by an 
increase of only 11% in the proportion of the grass grub 
Table 9-4. 
.,. .'--."-, 
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Vertical distribution of grass grubs in three 
spade squares taken at Winchmore plot 1 on 
February 27th, 1970. 
Sampling unit Number of grass grubs at depths 
o - 1 inches 1 - 8 inches 
1 16 13 
2 7 13 
3 17 19 
Total 40 45 
Table 9-5. Vertical distribution of third-ins tar grass grubs 
in May, 1970 at Winchmore plot 1; ten spade 
squares taken on each day. 
Date % soil moisture No. of larvae % age of larvae 
in top 1 inch found at found at 
0-1 in. 1-8 in. 0-1 in. 1-8 in. 
6/v/70 31.3 20 22 47.6 52.4 
11/v/70 45.9 30 21 58.8 41 .2 
population in the top inch. In general, variations in soil 
moisture during March-July at Winchmore did not appear to 
cause major changes in the proportion of larvae in the top 
inch, although the minor changes observed, with the proportion 
_.-._ . .:. .. ;. 
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in the top inch tending to be greater at higher soil moistures, 
may still have been large enough to significantly affect the 
availability of grass grubs to starlings. 
The soil moisture in non-irrigated Canterbury Plains 
~oils is usually close to field capacity from May to 
September (Rickard and Fitzgerald, 1970), and in most years 
it would probably not fall to a low enough level (15% or 
less in the top 1 inch) to significantly affect the vertical 
distribution of grass grubs. However, rainfall during 
March' and April may have a major effect on the availability 
of third-instar larvae to starlings in non-irrigated pastures, 
with wet periods increasing the proportion of larvae in the top 
inch and making the soil soft enough for starlings to probe 
into it. 
CHAPTER 10 
BIRD PREDATION ON LARVAE: 
ASSESSMENT OF THE MAGNITUDE OF PREDATION AND 
ITS IMPACT ON GRASS GRUB POPULATIONS. 
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In this chapter the information obtained with 
exclusion and experimental field populations on bird pre-
dation of larvae, and also on the mortality of larvae 
caused by sheep treading, is presented and discussed. The 
numbers and feeding behaviour of bird predators of larvae 
are discussed in the next chapter. 
EXCLUSION STUDIES 
1969 Results. 
The results of sampling caged and open areas at Winch-
more plot 1 in March and July, 1969 are summarized in tables 
10-1 and 10-2. The sample counts from which these figures 
were obtained are listed in appendix XII. The variance of 
each individual difference (n) was calculated from the 
usual formula for the variance of a difference (Yates, 1965, 
p. 196): 
+ = (S~ + 
The confidence intervals for the individual differences were 
calculated as D ± 2.145 Sn where 2.145 is Student's t at 
the 0.95 probability level with 14 degrees of freedom. The 
standard errors of the average differences for caged and 
open areas were calculated by the method described on p.172. 
It is clear from tables 10-1 and 10-2 that mortality 
of third-ins tar grass grubs at Winchmore plot 1 from March 
to July, 1969 was much higher in open than in caged areas. 
None of the ten differences for caged areas differed 
__ .,:_ .. _._.r __ • .. _. ___ ...... : __ ._ 
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Table 10-1. Results of sampling caged areas at Winchmore plot 
1 in 1969, expressed as grass grubs per spade 
square (t sq.ft.).X and S2 denote sample means 
and variances for individual areas. Subscripts 
and 2 refer to March and July, respectively. 
D X1 - X2 • 
Area X1 
S2 X2 S2 D± 95% confidence 1 2 limits 
1 18.750 48.785 16.750 34.500 2.000 + 6.920 
2 14.125 48.125 14.500 30.285 -0.375 + 6.712 
3 13.625 27.982 13.875 35.267 -0.250 + 6.030 
4 15.875 70.982 11 .375 22.839 4.500 + 7.345 
5 22.500 57.428 18.375 11 .696 4.125 + 6.303 
6 12.500 14.285 13.000 14.571 -0.500 + 4.072 
7 11.875 69.839 5.875 20.696 6.000 + 7.216 
8 9.125 47.839 9.125 25.553 0.000 ± 6.496 
9 12.625 47.696 10.375 23.696 2.250 + 6.409 -
10 8.875 91 .267 11 .000 77.142 -2.125 ± 9.841 
Average
1
13.9875 12.4250 1.5625 + 1 .6712 
Table 10-2. Results of sampling open areas at Winchmore plot 1 
in 1969, expressed as grass grubs per spade square 
(tsq.ft.). Symbols as in table 10-1. 
--
Area X1 
S2 X2 S2 D± 95% confidence 1 2 limits 
1 13.375 14.553 3.625 5.125 9.750 + 3.363 
2 17.625 31.696 4.500 1.714 13.125 + 4.382 
-
3 12.625 16.839 3.500 4.285 9.125 + 3.485 
4 11 .000 16.000 6.000 22.285 5.000 + 4.691 
5 13.750 66.785 1.375 1.410 12.375 + 6.263 
6 10.250 18.785 3.500 4.000 6.750 + 3.618 
7 13.875 99.553 4.625 10.267 9.250 + 7.947 
8 10.750 32.500 3.375 9.410 7.375 + 4.910 
9 15.625 37.982 4.750 7.642 10.875 + 5.122 
10 11 .000 15.714 5.750 16.500 5.250 + 4.303 
!Average 12.9875 4.1000 8.8875 + 1.7206 
! . 
"- - ~ -::- -: -: ;.: - ~ : -: - . - - - - " - : ~ : ' . 
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significantly from zero, whereas all of the ten differences 
for open areas were significant at the 5% level. Simi-
larly, the average difference for caged areas was not sig-
nificantly greater than zero, unlike the average difference 
for open areas. The 95% confi~ence intervals were generally 
wider for caged differences than for open differences. This 
effect arose partly from the relatively small variances 
associated with the reduced population in the July sample 
(sample 2) in open areas, and partly from the greater vari-
atio.n between spade square sampling units wi thin caged areas 
than within open areaS in sample 1, as revealed by a com-
parison of the s~ columns in tables 10-1 and 10-2. Although 
the ten areas to be caged were selected at random prior to 
sampling, by chance the distribution of grass grubs in March 
was more variable within caged areas than within open areas. 
Using formula VI.3 (p.584), taking X1 as 13.4875 per spade 
square, the difference in survival between caged and open 
areaS was 54.31% of the initial population. 
Analysing the 20 differences in tables 10-1 and 10-2, 
ten from caged and ten from open areas, by analysis of vari-
ance gave the result shown in table 10-3. The F ratio is 
very large, with negligible probability that the observed 
difference in survival between caged and open areas could 
have arisen by chance. It was obvious from the raw differences 
that caging had a significant effect on grass grub survival, 
and the main purpose in .analysing the data in this way was 
I to estimate a confidence interval for the difference in survival 
between caged and uncaged areas. This difference, D,esti-
mated by formula VI.2 (p.584), has a standard error, SD' 
estimated from J 2~2 IE:. 
where s2 is the error mean square in an analysis of variance 
such as table 10-3 and n is the number of differences for 
, .. -._<.-:«-.- --.-
- '.:':.-:' 
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Table 10-3. Analysis of differences in grass grub popu-
lation density between March and July, 1969, 
in caged and open areas of Winchmore plot 1. 
Source Sum of Degrees of Mean square F 
squares freedom 
Caged vs. 
open 268.278 1 268.278 36.285 
(p< 
Error 133.084 18 7.393 0.005) 
Total 401.362 19 
each of the caged and open treatments. In this case, 
D = 7.325, ~2 = 7.393 and g = 10, giving SD = 1.215. 
The 95% confidence interval for D is thus 
7.325 + 2.101 x 1.215 
= 7.325 + 2.553 
= 54.31 + 18.92% of the initial population. 
(2.101 = Student's t at the 0.95 probability level with 18 
degrees of freedom). 
All exclusion results were analysed by the above method, 
which treats the samples from open areas at times 1 and 2, 
and similarly those from caged areas at times 1 and 2, as 
paired comparisons, thus allowing for correlation effects 
(Sokal and Rohlf, 1969, p. 506). This can be illustrated 
by analysing the results from Winchmore plot 1 in another 
way. E.ach sample, ~., caged areas at time 1, is effect-
ively a two-stage sample, comprising 10 primary sampling 
units (12ft. by 6ft. caged or open areas) with 8 secondary 
units (spade squares) per primary unit. The analyses of 
variance for these two-stage samples are shown in table 
10-4. The raw data was used in these analyses, which assume 
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that the error variance is independent of the mean. The 
correlation coefficients between the means and variances 
for individual primary units were not significant in 3 of 
the 4 samples (table 10-5), and transformation of the 
counts WaS therefore not considered worthwhile. 
For each of these two-stage samples, the standard 
error of the sample mean per spade square can be cal-
culated from the knowledge that the variance of the mean is 
estimated by Between areas mean square / 80. 
The means and their standard errors are shown in table 10-6. 
The variance of a difference between two means is given by 
(Sokal and Rohlf, 1969) 
S2 = S~ + S2 2rS S X1- X2 X1 X1 - X1 X2 
where si and Si are the variances of X1 and X2 and r is 
the corr~lation ~defficient between X1 and 12 • For the 
caged areas at Winchmore plot 1, the correlation between 
sample means per spade square for individual primary units 
in samples 1 and 2 was highly significant (!' = 0.781 with 
8 d.f.; P<0.01). The above formula was used to calculate 
the variance of D , the difference in population density in 
c 
caged areas between samples 1 and 2, giving D = 1.562 and 
c 
its standard error (SD ) = 0.835. For open areas, the corre-
Q 
lation was not significant (~ = 0.063 with 8 d.f., P >0.10), 
and the variance of D , the difference in mean density in 
u 
open areas between samples 1 and 2, was calculated from 
= + 
giving Du = 8.887 and its standard error (SD ) = 0.860. 
u 
Since D, the difference in survival between caged and 
open areas, is given by D = Du - Dc' its standard error (SD) 
. _____ 'o"-.·'_-,,;- "" ...... : ... 
.. ".::.'" 
Table 10-4. Analyses of variance for two-stage samples 
(Winchmore plot 1, 1969). 
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--
Source Sum of squares Degree, Of~ Mean square 
freedom 
--
Open areas (sample 1) 
I~~~ --Between areas 404.112 44.901 Iwi thin areas 2452.875 35.041 Total 2856.987 
--
Open areas (sample 2) 
--
Between areas 128.700 9 14.299 
Within areas 578.500 70 8.264 
Total 707.200 79 
Caged areas (sample 1) 
Between areas 1257.362 9 139.706 
Within areas 3669.625 70 52.423 
Total 4926.987 79 
Caged areas (sample 2) 
Between areas 975.800 9 108.422 
Iwithin areas 2073.750 70 29.625 
Total 3049.550 79 
Table 10-5. Correlation coefficients C!:) between means and 
variances for individual primary units in two-
stage samples. 
--
Sample :r Degrees of P 
freedom 
Open areas ( sample 1) 0.335 8 ns 
Open areas (sample 2) 0.775 8 <0.01 
Caged areas (sample 1 ) 0.098 8 ns 
Caged areas (sample 2) 0.100 8 ns 
ns not significant at 5% level. 
Table 10-6. Sample means (per spade square), X, and standard 
errors, SX' for two-stage samples. 
Area Sample 1 Sample 2 
X Sx X Sx 
--
Open 12.987 0.749 4.100 0.423 
caged 13.987 1 .321 12.425 1.164 
""c" 
_". _'.-.'.-_ .'~'. __ 'r " • ___ " " ___ • 
. .. _.~." .• _._ .. _____ .•. _ . ___ .' .'_'.r._.' . 
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-'--,-,---:,,-:-:.;- --
174. 
is given by 
+ • 
Thus D = 7.325 and ~ = 1.199, giving a 95% confidence 
+ interval for D of 7.325 - 2.519 
= 54.31 ± 18.67% of the initial population. 
This analysis, involving the calculation of correlation 
coefficients, gave a very similar confidence interval to 
that obtained earlier by a direct analysis of differences 
(54.31 ± 18.92%). 
Non-parametric methods can be used to find the con-
fidence interval for the difference between two means. A 
graphical procedure based on the Mann-Whitney u-test, 
described by Walker and Lev (1953, p. 443-445), was used on 
the 1969 results 
fidence interval 
cf. 
from Winchmore 
for D of 
37.07 ~ D S 
35.39 'S D ~ 
plot 1 , giving a 95% con-
71 .40% of initial population 
73.23% of initial population 
obtained above by the analysis of differences using analysis 
of variance. The non-parametric method gives a slightly 
narrower confidence interval, but the two results are closely 
similar. In this study parametric statistical techniques 
such as the analysis of variance were used in preference to 
non-parametric methods, since the forme~ are more powerful 
and efficient than the latter (Sokal and Rohlf, 1969, p. 
165 and 387), providing the assumptions of the former are 
met. 
The results of sampling exclusion areas at Winchmore 
plot 1 in March and July, 1969 are summarized in table 10-7, 
including the results for fenced areas, i.e., areas which 
were fenced off from stock but were not caged to exclude 
birds. The results of starling counts made on these areas 
are also shown, expressed as the average number of bird-hours 
:-::<-'.< 
, --
.-:<_«': 'or,' 
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per 12ft. by 6ft. area per day (see appendix XV). In fenced 
areas where the grass was left in rank condition the birds 
were effectively excluded and mortality of grass grubs was 
similar to that in caged areas. In fenced areas where 
the grass was cut, allowing starlings to enter and probe 
into the soil, grass grub mortality was slightly over half 
that in open areas. Comparison of bird counts for fenced 
areas where the grass wa~ cut and open areas suggests that 
the difference in mortality between these two treatments 
arose mainly from the birds feeding in smaller numbers in 
fenced than in open areas, rather than from an additional 
source of mortality such as sheep treading being present in 
open areas and absent from fenced areas. The small sample 
size (5 differences per treatment) was insufficient to 
establish that the difference between March and July popu-
lation means in fenced areas where the grass was cut dif-
'fered significantly from that for fenced areas where the 
grass was not cut (table 10-8). 
Table 10-7. Exclusion results and bird counts, Winchmore 
plot 1. Population means expressed as grass 
grubs per spade square. 
Grass grub population Average %age Average 
density reduction bird-hrs./ 
Areas area/day 
13+14/iii/69 2+3/vii/69 
Caged 13.987 . 12.425 11 .17 
-
Fenced (grass 
not cut) 10.575 9.025 14.66 
-
Fenced (grass 
cut) 12.200 7.450 38.93 0.60 
Open 12.987 4.100 68.43 1.40 
-
"" >: ',' 
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Table 10-8. Analysis of differences in grass grub population 
density between March and July, 1969 in fenced 
areas of Winchmore plot 1. 
-
Source Sum of Degrees of Mean square F 
squares freedom 
Cut vs. 
uncut 25.599 1 25.599 3.100 
Error 66.051 8 8.256 (ns) 
Total 91.650 9 
ns = not significant at 5% level. 
However, the average di'fference for the 5 areas where 
the grass was cut was 4.750 grass grubs per spade square, 
with a standard error of 1.168, giving a 95% confidence 
interval of 
4.750 + 3.242 
= 38.93 + 26.57% of the initial popu-
lation in these 5 areas. 
The average difference for the areas where the grass was not 
cut was 1.550 with a standard error of 1.392, giving a 95% 
confidence interval of 
1.550 + 3.864 
= 14.66 + 36.54% of the initial popu-
lation in these 5 areas. 
The reduction in population was thus significantly greater 
than zero in fenced areas where the grass was cut, but not 
in areas where the grass was not cut. It was concluded 
from these results that most of the 54.31% increase in 
mortality from caged to open areas at this plot in 1969 
probably resulted from bird predation, with sheep treading 
a relatively minor source of mortality. 
_. - -.. -.<.: .... -.~ 
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The caged and open areas at Winchmore plot 1 were 
re-sampled in early November, 1969, when the grass grubs 
were teneral adults. The cages had been removed from the 
caged areas in August. The differences in grass grub 
mortality between caged and open areas from July to November 
are compared in table 10-9 and those for the period March 
to November in table 10-10. From late third-insta,r larvae 
to teneral adults (July to November), mortality was sig-
nificantly greater in caged than in open areas (table 10-9). 
Since" the density of third-ins tar larvae in July was app-
roximately three times greater in caged than in open areas, 
mortality from July to November was apparently density 
dependent. The cause of this greater mortality in caged 
areas was not identified. There was no evidence that 
diseases killed a greater proportion of the population in 
caged than in open areas over this period. The exclusion 
cages were removed in early August. It is possible that 
some bird predation may have occurred in August, September 
and October, since mandibles of third-ins tar grass grubs 
appear in small amounts in the faeces of starlings at 
Winchmore during these months (Lobb and Wood, 1971), and 
bird predation may have been greater in the previously caged 
areas where grass grub density was higher. However, this 
seems an unlikely explanation, since only a very small pro-
portion of the grass grub population was present in the top 
inch of soil in,the period August to October, 1969 (fig.9-1, 
p. 15], while very few grass grub fragments were found in 
starling faeces collected in this area between June 13th 
and August 25th, 1969 (Lobb and Wood, 1971). It appears 
more likely that the greater mortality in caged areas arose 
from increased larval combat among fully-fed larvae seeking 
pupation sites, and/or that there was a net dispersal of 
larvae seeking pupation sites from the relatively crowded 
caged areas into the adjacent less crowded soil, i.e., the 
-- .-. --~ :-~ >';-'. ~,: :..:.. .. : : .. , .. - .. - ':'-,-
... - -. :-'.'-':-
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Table 10-9. Exclusion results, Winchmore plot 1, July -
November, 1969. Population means expressed as 
grass grubs per spade square. 
Grass grub population density Average %age 
Areas reduction 
2+3/vii/69 6+7/xi/69 
Caged 12.425 8.700 29.98 
Open 4.100 3.562 13.11 
Analysis of differences 
Source Sum of Degrees of Mean square F 
squares freedom 
Caged vs. 
open 50.801 1 50.801 7.847 
Error 116.526 18 6.473 (P<0.05) 
Total 167.327 19 
Table 10-10. Exclusion results, Winchmore plot 1, March-
November, 1969. Population means expressed 
as grass grubs per spade square. 
Grass grub population density Average %age 
Areas reduction 
13+14/iii/69 6+7/xi/69 
Caged 13.987 8.700 37.80 
Open 12.987 3.562 72.57 
Analysis of differences 
Source Sum of Degrees of Mean I F square 
squares freedom 
Caged vs. 
open 85.594 1 85.594 7.560 
Error 203.789 18 11. 321 (p <0.05) 
Total 289.383 19 
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apparently greater mortality in caged areas may have in 
fact been due to greater outward movement of larvae. No 
attempt was made to monitor grass grub dispersal~exclusion 
areas over the period July to November, but there was no 
evi,dence of large-scale movement of grass grubs out of or 
\ 
into exclusion areas from March to July, as discussed on 
p. 214. 
The higher mortality in caged areas over the last few 
months of the life cycle was not enough to compensate for 
the much greater mortality in open areas than in caged areas 
from March to July, so that over the period March to November 
mortality was considerably greater in the open areas (table 
I 
10-10), the difference being signifiqant at the 5% level. 
The 95% confidence interval for the average difference in 
mortality between open and caged areas is 
+ 4.137 + 3.569 
= 30.67 - 26.46% of the initial (March) 
population in the open and caged areas. Excluding birds and 
sheep during autumn and winter at Winchmore plot 1 thus 
reduced the mortality of the grass grub population from 
March to July by 54 ± 19%, and reduced the population mor-
tality from March to November by 30 ± 26%. 
The results of exclusion studies at the other three 
plots in 1969 are shown in tables 10-11, 10-12 and 10-13. 
In these tables percentage mortalities are expressed as 
percentages of the initial grass grub population for caged 
and open areas combined. The sample coun~from these plots 
are listed in appendix XII. While the population mortali-
ties from third-instar larvae to teneral adults (Winchmore 
plot 2) and from early to late third-ins tar larvae '(Lincoln 
and Weka Pass) were greater in open areas than in caged areas 
on each plot, none of these differences were significant. 
The fact that survival of grass grubs did not differ sig-
nificantly between caged and open areas in the absence of 
heavy bird predation suggests that the exclusion cages did 
--"-- .:---..::< -,:"~ •. :':' -"- "- ... 
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not alter the physical environment sufficiently to affect 
the mortality of grass grubs. 
The areas which had been used as caged and open areas 
at Winchmore plots 1 and 2 in 1969 were resampled in the 
autumn of 1970. The population densities of grass grub in 
these areas at Winchmore plot 1 are shown in table 10-14 .and 
fig. 10-1. The confidence intervals were calculated by 
treating each sample as a two-stage sample. In March, 1970, 
areas of plot 1 from which birds and sheep had been excluded 
in the previous autumn and winter had a high population of 
almost 850 third-ins tar larvae per square metre, giving an 
index of population trend from third-ins tar larvae in 
March, 1969 to third-ins tar larvae in March, 1970 of 139.7% 
for these caged areas. In the areas which had been open to 
birds and sheep throughout the autumn and winter of 1969, the 
population density of early third-ins tar larvae per square 
metre declined from approximately 560 in 1969 to 475 in 1970, 
giving an index of population trend of 84.7%. These results 
strongly suggest that the mortality of 54% inflicted by birds, 
possibly with some assistance from sheep treading, in the 
period March to July, 1969, was the factor responsible for 
preventing an increase in grass grub population density in 
this plot in the following generation. In the presence of 
the high autumn and winter mortality the population decreased 
slightly, but where birds and sheep were excluded the popu-
lation had increased by a factor of almost 1.4 in the 
following year. 
At Winchmore plot 2, where bird predation was low in 
1969 with survival of grass grubs not significantly differ-
ent in caged and open areas, the population had increased to 
the very high level of 1300-1400 third-ins tar larvae per 
square metre in March, 1970 (table 10-15). Taking the aver-
age for caged and open areas combined, the population density 
of early third-ins tar grass grubs in this plot increased 
• ____ "---- •• : •• "00 _ 
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Table 10-11. Exclusion results, Winchmore plot 2. Population 
densities expressed as grass grubs per spade 
square. 
Grass grub population density Average %age 
Areas reduction 
22+23/iii/69 9/xi/69 
Caged 14.983 9.466 37.63 
Open 14.332 7.416 47.18 
Analysis of differences 
Source Sum of Degrees of Mean square F 
squares freedom 
Caged vs. 
open 9.801 1 9.801 1.250 
Error 141.098 18 7.838 (P>0.10) J 
Total 150.899 19 
Table 10-12. Exclusion results, Lincoln College plot. 
Areas 
Caged 
Open 
Source 
Caged vs. 
open 
Error 
Total 
Population densities expressed as grass grubs 
per core. 
Grass grub .population density Average %age 
reduction 
2+3/iv/69 25+26/viii/69 
2.516 1.200 54.6 
2.300 0.942 56.4 
Analysis of differences 
Sum of Degrees of Mean square F 
squares freedom 
0.010 1 0.010 0.017 
(P>0.10) 
12.766 22 0.580 
12.776 23 
'-';-:-.' 
-:-:.:'. 
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Table 10-13. Exclusion results, Weka Pass plot. Population 
densities expressed as grass grubs per core. 
Grass grub population density Average %age 
Areas reduction 
8/iv/69 23/viii/69 
Caged 3.250 1 .212 61.39 
Open 3.387 0.975 72.69 
Analysis of differences 
Source Sum of Degrees of Mean square F 
squares freedom 
Caged vs. 
open 0.703 1 0.703 0.754 
(P>0.10) 
Error 16.784 18 0.932 
Total 17 .487 19 
Table 10-14. Population densities (grass grubs per square 
metre) in caged and open areas at Winchmore 
plot 1. 
Date of sample Stage of life Areas Mean density ± 95% 
cycle confidence limits 
13+14/iii/69 Early third-
602.23± ins tar larvae caged 113.75 
open 559.18± 64.49 
2+3/vii/69 Late third-
534.96± ins tar larvae caged 100.23 
open 176.52± 36.42 
6+7/xi/69 Teneral 
374.58± adults caged 52.87 
open 153.38±' 38.92 
12/iii/70 Early third-
841.29± ins tar larvae caged 139.32 
open 473.60±' 49.86 
" ... -.. : .. 
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from 631.07 per square metre in 1969 to 1341.16 in 1970, 
an index of population trend of 212.5%. 
The results from these two plots show that in irri-
gated Winchmore p~stures, in the absence of high autumn 
and winter mortality, grass grub populations of 550-650 
third-ins tar larvae per square metre (which cause a consider-
able reduction in pasture growth but little death of plants) 
Table 10-15. Population densities (grass grubs per square 
metre) in caged and open areas at Winchmore 
plot 2. 
Date of sample stage of life Areas Mean density ± 95% 
cycle confidence limits 
22-23/iii/69 Early third-
+ ins tar larvae caged 645.09 - 83.96 
617.06 + 93.51 open 
-
9/xi/69 Teneral adults caged 407.56 + 103.93 
-
319.29 + 93.77 open 
-
12/iv/70 Early third-
+ instar larvae caged 1389.81 
-
189.61 
1292.51 + 206.66 open 
-
are capable of an increase of the order of 1.5 to 2.0-fold 
in the following generation, to populations of 850 to well 
over 1000 third-instar larvae per square metre (which are 
high enough to destroy the pasture). At Winchmore plot 1, 
high bird predation of third-ins tar larvae appeared to be 
holding the grass grub population in the approximate range 
400-600 third instars per square metre. 
These measurements of population change from one year 
to the next could possibly have been affected by dispersal 
of adult females, particularly as the exclusion areas were 
only 12ft. by 6ft. (9ft. by 6ft. at Winchmore plot 2). 
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Sampling fractions were small, ~., 8 t-square foot spade 
squares from an area 12ft. by 6ft. represents a sampling 
fraction of 8/288 = 2.7%, while in the several months 
between successive samples the pasture recolonized 
previous sampling sites to the point that they were diffi-
cult or impossible to find. It is therefore unlikely that 
sampling disturbed the exclusion areas sufficiently to 
affect the behaviour of adult females. Females are usually 
mated shortly after ~mergence from the soil and they then 
burrow back down into the soil close to the spot where they 
emerged, with the result that most of their eggs (the first 
cluster) are laid in the immediate vicinity of the area where 
the female spent her larval life. Female grass grub beetles 
may sometimes crawl several inches or even feet across the 
pasture surface before burrowing down. If such movement was 
random, a net loss of females would have been expected from 
the caged areas in Winchmore plot 1, which were localized 
"islands" of high grass grub density at the time of the 
teneral adult sample early in November, 1969. Such a loss 
of females would result in fewer eggs being laid in caged 
areas than would otherwise have occurred, and consequently 
in fewer third-instar larvae in caged areas in March, 1970, 
assuming movement of larvae into and out of 12ft. by 6ft. 
exclusion areas is negligible. On the other hand, where 
densities of teneral adults were more nearly equal in caged 
areas and in the rest of the plot (typified by open areas), 
as at Winchmore plot 2, the net loss of adult females through 
random dispersal by crawling would be expected to be much 
less. Such an effect may explain why the index of population 
trend from third-ins tar to third-ins tar was lower in caged 
areas of Winchmore plot 1 than at Winchmore plot 2 (139.7% 
and 212.5%, respectively). 
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1970 Results. 
The results from sampling the open and caged 0.3 acre 
plots at Winchmore are summarized in the form of life 
tables in tables 10-16 and 10-17 and shown graphically in 
fig. 10-2. The open and caged plots were each divided 
into six 1-chain by i-chain plotlets for sampling purpose~, 
and sampling was done on a stratified random design with 
proportional allocation, as discussed on p.80 • The sample 
counts are listed in appendix XII. The headings in tables 
10-16 and 10-17 follow the standard life table format (~., 
Pottinger, 1967). The index of p.opulation trend for each 
population was calculated as 
1970 egg density 
x 100. 
1969 egg density 
Fig. 10-2 and tables 10-16 and 10-17 show that apart 
from the fact that the initial population density was lower 
in the caged plot, the main difference between the life 
tables for the caged and open plots was that mortality of 
third-ins tar larvae from March to July was much higher in 
the open plot. Proportionately, this mortality was over 
45% greater in the open than in the caged plot. This differ-
ence can not be explained by increased death through intra-
specific competition or larval combat resulting from the 
greater population density of early third-ins tar larvae in 
the open plot, since the previous year's exclusion work had 
shown no such effects in populations of over 600 early third-
instar larvae per square metre (tables 10-14 and 10-15 and 
fig. 10-1, p.183). Areas of irrigated Winchmore pasture 
supporting populations of 400-700 third-ins tar grass grubs 
per square metre in March still show considerable herbage 
growth (plate 14-1), with no signs of pasture damage severe 
enough to induce marked intraspecific competition for food 
among grass grub larvae. The difference in the mortality 
.-;'.-:-~ ~«,"- .. ~< .. -" .... _'--.-.- - ". ,--'-
.' ~.' :-": .' - ':-.-.: '.- .---.~' 
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Table 10-16. Life table for 1969-70 grass grub generation 
in caged plot at Winchmore. N~ expressed as 
grass grubs per square metre. 
!. Nx M~ 100 MIN S~ 
No. alive at No. dying Mx as %age Survival 
Stage beginning 
of :1£ 
Egg 
(November, 1969) 549.94 
Early third-
ins tar larva 
. (March, 1970) 342.37 
Late third-
ins tar larva 
(July, 1970) 268.75 
Teneral adult 
(November, 1970) 163.61 
Generation survival rate 
Egg population of 1970-71 
generation (late November, 
1970) 
Index of population trend = 
during :1£ 
207.57 
73.62 
105.14 
0.297 
1011.53 
183.9% 
of N~ rate 
within 
37.74 0.622 
21.50 0.785 
39.12 0.609 
Table 10-17. Life table for 1969-70 grass grub generation 
in open plot at Winchmore. Symbols as in table 
10-16. N~ expressed as grass grubs per square 
metre. 
X Nx Mx 
-
Egg 
(November, 1969) 748.00 248.26 
'-Early third-
ins tar larva 
(March, 1970 ) 499.74 334.71 
Late third-
ins tar larva 
(July, 1970) 165.03 53.09 
_. 
Teneral adult 
(November, 1970) 111 .94 
Generation survival rate = 0.159 
Egg population of 1970-71 
generation (late November, 
1970) 
Index of population trend 
545.59 
72.9% 
100 MIN S~ 
33.19 0.668 
66.97 0.330 
32.17 0.678 
~ 
FIG. 10-2. POPULATION DENSITIES IN CAGED AND OPEN O·3-ACRE PLOTS AT 
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of third-ins tar larvae between the open and caged plots 
clearly arose from the exclusion of birds and sheep from 
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the latter. Most of this extra mortality on the open plot 
was probably caused by bird predation, with mortality caused 
by sheep treading relatively minor (the evidence for this 
is discussed on p.231). Nevertheless, the sheep playa 
vital role in these paddocks of autumn-saved pasture by 
grazing the pasture off and allowing the starlings to probe 
into the soil. 
~s a result of the difference in survival of third-
instar larvae between the caged and open plots, generation 
survival in the caged plot was approximately twice that in 
the open plot and there was an inter-generation population 
increase from egg to egg in the caged plot of 183.9% 
(table 10-16), while the population in the open plot de-
creased by 27.1% over the same period (table 10-17). These 
results are similar to those obtained from the previous 
year's exclusion areas at Winchmore and they avoid the diffi-
cu~ies faced with small exclusion areas. They confirm that 
autumn populations of 350-650 third-ins tar grass grubs per 
square metre in these irrigated pastures are capable of in-
creasing by approximately 1.5 to 2.0-fold over one year in the 
absence of high autumn and winter mortality, and that this 
increase was prevented in the area where plot 1 and the open 
and caged plots were situated by heavy starling predation of 
third-ins tar larvae, possibly assisted by sheep treading. 
The results of exclusion work at the Lincoln plot in 
1970 are shown in table 10-18. The sample counts are listed 
in appendix XII. This plot had a very low grass grub popu-
lation in 1970, and exclusion of birds and sheep did not 
significantly affect the survival. At this low population 
level, only 29.0% of the population was in the top inch of 
soil at the time of the April sample, and there was apparently 
no significant mortality due to sheep treading, despite the 
. - . - ','.'. :-:-; .-'.<':--
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Table 10-18. Exclusion results, Lincoln College plot, 1970. 
Areas 
Caged 
Open 
Source 
Caged vs. 
open 
IError 
Total 
Population densities expressed as grass grubs 
per 4in. diameter core. 
Grass grub population density Average %age 
reduction 
11/iv/70 25+26/viii/70 
0.641 0.316 50.38 
0.650 0.300 54.26 
Analysis of differences 
Sum of Degrees of Mean square F 
squares freedom 
0.002 1 0.002 0.027, 
(P>0.10) 
1.356 22 0.061 
1.358 23 
--
Table 10-19. Exclusion results, Winchmore plot 3, for the 
period when the plot was not grazed. 
Population densities expressed as grass grubs 
per square metre. 
Grass grub population density Average %age Areas 
-- reduction 
9-10/iii/70 8-9/iv/70 
Caged 1099.88 961.98 12.16 
Open 1167.18 529.40 56.26 
Analysis of differences 
Source Sum of Degrees of Mean square F 
squares freedom 
caged vs. 
open 539.110 1 539.110 39.633 
(P<0.001) 
Error 190.436 14 13.602 
Total 729.546 15 
:-~. --;- ---
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fact that this plot was heavily stocked during the winter 
of 1970. 
EXCLUSION AND EXPERIMENTAL FIELD POPULATIONS (WINCHMORE 
PLOT 3) 
At Winchmore plot 3 exclusion and experimental field 
populations of grass grubs were used simultaneously to 
obtain two independent estimates of bird predation in 1970. 
The results will be discussed separately for two periods: 
Mareh 9th to April 9th, when the 8-acre paddock was not 
grazed by sheep, and April 10th to June 27th, when the 
paddock was grazed by a large mob of 550 ewes and then used 
as a run-off, as outlined on p.145. The exclusion results 
for the first period are shown in table 10-19; the sample 
counts are listed in appendix XII. The average percentage 
reductions in table 10-19 are expressed as percentages of the 
initial population of caged and open areas combined. 
The exclusion of starlings during this period clearly 
had a major effect on the survival of grass grubs. The 
very high grass grub population present in this plot in 
early March suppressed the pasture growth to such a degree 
(plate 10-1) that starlings were able to probe into the soil 
in the damaged areas without the need for a prior grazing 
by sheep. Large flocks of starlings frequently visited plot 
3 during this period. The difference in survival of grass 
grubs between caged and open areas, calculated in the usual 
. way, was 44.10 ± 15.02% of the initial population. This 
represents the proportion of the grass grub population de-
stroyed by starlings over this one-month period as measured 
by exclusion. Since the exclusion of predators will only 
allow a direct estimate of the absolute mortality caused by 
predation under certain circumstances (p.586), experimental 
field populations were used to provide an independent esti-
mate of predation mortality for comparison with the exclusion 
results. 
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The methods used to analyse the data obtained with 
experimental field populations will be illustrated with the 
results from the first time-interval, March 11th to 17th. 
On March 10th, 200 grass grubs were seeded into the mesh 
field cages in position 1 of each of the 200 groups, or 
frames, of 12 cages, with an additional 50 grass grubs 
seeded into field cages beneath wooden-frame exclhsion cages 
to act as controls. These 250 field cages were removed on 
March 18th for subsequent inspection to determine how many 
of the 250 seeded grass grubs remained. On the same day 
another 200 grubs were seeded into the second position of 
each of the 200 frames, with an additional 50 controls. The 
grass grub population density in the top 3.0cm. of soil 
was estimated on both March 10th and 18th, by examining 40 
spade squares from the exclusion sample of the former date 
in vertical strata, and by taking 200 randomly located 4.0cm. 
diameter cores on the latter date. Since most of the day 
was spent on the study plot on sample days, these were 
excluded from the time-interval, which was therefore 7 days 
for the first interval (March 11th to 17th inclusive). 
The results obtained with experimental field populations 
are listed and summarized in appendix XIII. During the first 
time-interval, 70 of the 200 grass grubs seeded into the 
open area of the plot disappeared, as did 1 of the 50 controls. 
The proportion of the grass grub population in the top 3.0cm. 
of plot 3 removed by starlings during this time-interval (MB) 
was therefore estimated by 
MB = 0.35 - 0.02 = 0.33. 
The standard error of this estimate (SMB) was calculated by 
treating it as a large-sample binomial estimate and using 
the formula (Snedecor and Cochran, 1967, p. 210) 
5MB = J MB (1-MB)/200. 
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Two assumptions were made in applying this formula: 
firstly, that all of the grass grubs present in the top 
3.0cm. of soil, including the 200 seeded into the mesh field 
cages, were equally likely to be removed by birds; and 
secondly, that removal of one grass grub by a starling did 
not affect (was independent of) the chances of any others 
being removed. In an attempt to avoid invalidation of the 
first assumption, the frames of mesh field cages were lo-
cated randomly within the 3.2 chain by 2.0 chain plot, so 
that -the 200 seeded grass grubs were mixed randomly among 
the population in the top 3~Ocm. By early March, 1970, most 
of the plot was showing severe pasture damage, indicating a 
fairly uniform spread of high grass grub densities throughout 
the plot. There were a few localised areas of rank pasture 
with initially low grass grub populations within the plot 
(plate 10-1), but no frames of mesh field cages were lo-
cated in these areas. 
To test the validity of the second assumption, the 200 
frames were divided into 20 groups of 10 contiguous frames. 
Since one field cage within each frame was seeded with a grass 
grub at the beginning of each time-interval, there were 10 
seeded field cages in each group of 10 frames at the begin-
ning of each interval. The number of grass grubs removed 
from a group of 10 contiguous frames during one time-interval 
could thus range from O-to 10, and for each interval the fre-
quency distribution of the numbers removed from the 20 groups 
of 10 frames was compared with the binomial distribution. 
The figures used in these comparisons were not corrected for 
disappearance of controls. The comparison for the first time-
interval is shown in table 10-20. The observed frequency 
distribution did not differ significantly from the binomial. 
This was also the case for most of the other time-intervals 
(table 10-21). Table 10-21 also shows the dates for each 
of the time-intervals. During intervals 5 to 11, when the 
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plot was stocked, some of the seeded grass grubs were 
destroyed by sheep treading; the comparisons for these 
intervals were based on the total number of seeded larvae 
removed from each group of 10, by bird predation and sheep 
treading combined. The observed and expected frequency 
distributions from which the chi-squared values in table 10-
21 were calculated are g~ven in appendix XIII. 
The observed frequency distributions did not differ 
significantly from the binomial in 10 of the 11 intervals, 
which supports the procedure of treating the proportion of 
the seeded larvae removed as a binomial proportion for the 
purposes of calculating its standard error. This also 
suggests that the probing behaviour of the starlings which 
fed within plot 3 was randomly directed within the plot over 
most of the 4-13 day time-intervals, i.e., for the most part 
there was no tendency for the cumulative feeding effort of 
the birds within the plot during a 4-13 day interval to be 
either concentrated within certain localised parts of the 
plot or spread uniformly over the plot. Rather, the feeding 
effort tended to be directed randomly within the 3.2 chain 
by 2.0 chain plot. Almost all of this plot contained a very 
large grass grub population and showed severe pasture damage 
in the autumn of 1970. It therefore appears that while 
starlings are undoubtedly able to locate localised patches 
of high grass grub density by observing pasture damage, the 
birds probe randomly for grass grubs within these damaged 
areas. 
The population density of grass grubs in the top 3.0cm. 
at the beginning of time-interval 1 (£1) was estimated by 
examining 40 of the spade square samplIng units taken from 
the exclusion areas on March 9th and 10th in vertical strata, 
to measure the proportion of the total population in the top 
3.0cm., and multiplying this figure by the total population 
density in the exclusion areas, which was 1133.51 grubs per 
square metre for open and caged areas combined. The estimate 
'_-,; .. >. ~_- -. :.-r: .... _ 
Table 10-20. Comparison of the number of seeded grass 
grubs removed from 20 groups of 10 
contiguous frames with the binomial 
distribution, for time-interval 
(March 11th to 17th, 1970). 
No. of grass grubs Observed Expected (binomial) 
removed per group frequency frequency 
of 10 frames 
0 1 0.27 
1 
- 1.45 
2 4 3.51 
3 6 5.05 
4 4 4.75 
5 3 3.07 
6 1 1.38 
7 1 0.42 
8 - 10 
-
0.10 
20 20.00 
'X., 2 0.672 with 4 d.f.j P>0.95. 
Table 10-21. Chi-squared values for comparisons of the 
number of seeded grass grubs removed from 
groups of 10 frames with the binomial 
distribution. 
Time-
')(.2 Degrees of interval Dates (1970 ) freedom P 
1 March 11 th-17th 0.672 4 ns 
2 March 19th-25th 3.829 4 ns 
3 March 27th-April 
2nd 3.230 3 ns 
4 April 4th - 7th 14.693 2 <0.005 
5 April 10th-19th 1.339 2 ns 
6 April 21st-28th 0.003 1 ns 
7 I April 30th-May 
10th 3.149 4 ns 
8 May 12th-20th 0.894 1 ns 
9 May 22nd-31st 3.774 4 ns 
10 June 2nd -14th 2.273 2 ns 
195. 
11 June 16th-26th 8.953 4 nss 
ns not significant at 10% level 
nss not significant at 5% level 
· .. --.~.'.:. '.~ '-."-,._ .... -
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of the proportion of the total population in the top 3.0cm. 
":':."-'-."-" 
was 68.69%, giving an estimate of 778.61 grass grubs per square 
metre in the top 3.0cm. 
The population density in the top 3.0cm. at the end 
of time-interval 1 (~t) was estimated by taking 200 
randomly sited 4.0cm.-diameter, 3.0cm. deep cores on 
March 18th. The counts are summarized in appendix XIII. 
This sample gave a mean of 553.06 grass grubs per square 
metre in the top 3.0cm. The number of grass grubs removed 
by birds during time-interval 1 (NE) was calcul~ted from 
formula 7.1(p.128), which produced an estimate of 219.72 
grubs per square metre. Since NE was obtained by multi-
plying MB by ~, where d ~1 + ~t , its standard error 
2 
(SNE) is given by the usual formula for the standard error 
of a product (Yates, 1965, p. 198): 
SNE j MB2S2~ + ~2S2MB 
where Sd and 5MB are the standard errors of d and MB 
respectively. 5MB was calculated from the binomial formula 
given above. Sd was calculated as the standard error of the 
sum of two independent estimates (Yates, 1965, p. 196-7): 
where Sd and 
-1 
respectively. 
Sd are the standard errors of ~1 and ~t 
-t 
Sd was calculated directly from the sample 
-t 
frequency distribution. Sd was calculated as the standard 
-1 
error of a product: 
= 
+ 
- -- :-:-; ;-;.- :-:.~ . - - -_. -- -.-
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where P is the proportion of the total population in the top 
3.0cm., estimated by examining 40 spade squares in vertical 
strata, D is the initial total population density, and Sp and 
SD are their respective standard errors. SD was estimated 
by treating the exclusion sample as a two-stage sample. 
Sp was estimated from the formula for grouped data (Cochran, 
1963, p. 65): 
=fs2 
where S2 = 
!! (g ~ 1) X2 [.!.. ~_U1 Y. 2 + p2 ~r 1 X. 2 - 2P ~r: 1 Y. x.J 
and 
1 1= 1 1= 1 1 
n = number of spade squares examined (40) 
X mean no. of grass grubs per spade square 
X.= no. of grass grubs 1n ith spade square 
1 
- --
Y.= no. of grass grubs 1n top 3.0cm. of ith spade square. 
1 
The results of these calculations for the first time-
interval were as follows, using the symbols mentioned above 
and expressing population densities as grass grubs per square 
metre: 
MB = 0.33 5MB = 0.033 
p 0.6869 Sp = 0.0658 D 1133.51 SD 53.86 
~1 778.61 Sd 83.27 d = 553.06 Sd = 29.44 
-1 ~ -=t 
NE = 219.72 SNE 26.51 
This gives a 95% confidence interval for NE of 219.72 + 53.02 
-
grass grubs per square metre. All of the data obtained from 
the work with experimental field populations are listed and 
summarized, including standard errors, in appendix XIII. 
In the remainder of this chapter, only the results of this 
work will be presented. 
Table 10-22 shows the numbers of seeded grass grubs 
I"··· ., .. :: 
I:;;>····· 
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and controls which disappeared during each of the first four 
time-intervals, when the plot was not stocked. Only a small 
number of grubs disappeared from the controls, either through 
mortality (~., disease or being crushed during seeding) 
or dispersal, which would have entailed crawling out on to 
the soil surface. Since Costelytra zealandica larvae are 
negatively phototropic (Galbreath, 1970), any which found 
their way out of the field cages presumably did so at night, 
but the proportion involved was very small. The proportion 
of the grass grub population in the top 3.0cm. of plot 3 
removed by birds during the period March 10th to April 8th 
can be calculated as follows from the figures in table 10-22: 
0.33 + 
0.33~ 
[1 .00 
0.28 (1.00 - 0.33) + 0.22 0.00 - 0.33 - 0.28 ( 1.00-
+ 0.07 {1. 00 - O. 33 - 0.28 ( 1.00 - O. 33) - 0.22 
- O. 3 3 - O. 28 (1. 00 - O. 33 )]} = o. 65 • 
Table 10-22. Numbers of seeded larvae which disappeared from 
field cages in Winchmore plot 3 during the 
period when the plot was not stocked. 
Time-interval No. gone out of No. gone out of Proportion 
200 seeded into 50 controls removed by 
plot birds 
1 70 1 0.33 
2 68 3 0.28 
3 52 2 0.22 
4 18 1 0.07 
I: -
i !- --
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Table 10-23. Results of experimental field population studies 
at Winchmore plot 3 for the period when the plot 
was not stocked. ~ = average grass grub density 
in top' 3.0cm. during time-interval. 
Da·te 
Grass grub 
density in 
top 3.0cm. 
Time 
interval 
d 
-
MB 
NE 
MB = proportion of ~ removed by birds. NE = No. 
eaten by birds. TNE = total no. eaten by birds 
over whole period. Grass grub densities, NE and 
TNE expressed as grubs per square metre. 
10/iii/70 18/iii/70 26/iii/70 3/iv/70 8/iv/70 
778.61 553.06 389.93 302.39 286.36 
1 2 3 4 
665.83 471 .49 346.16 294.37 
0.33 0.28 0.22 0.07 
219.72 132.02 76.15 20.60 
TNE 448.49 + 57.30 (95% confidence interval) 
The large numbers of starlings attracted to this 0.64 acre 
plot by the very high population density of third-instar 
grass grubs were thus estimated to have removed 65% of the grubs 
present in the top 3.0cm. over this one month period. 
The complete results for the period when the plot was not 
grazed are summarized in table 10-23. The estimate of the 
total number of grass grubs eaten by birds (TNE) was obtained 
by adding the NE values. The standard error of TNE was cal-
cUlated as the square root of the sum of the variances of the 
individual NE values (Yates, 1965, p. 197), although strictly 
the estimates of NE are not completely independent, since most 
i~ :: .. 
;- ..... 
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of the mea~urements of grass grub density in the top 3.0cm. 
were used to estimate £, and hence NE, for two successive 
time-intervals, TNE expressed as a percentage of the 
initial total population density of grass grubs (1133.51 per 
square metre) gives a 95% confidence interval for the per-
centage destroyed by birds of 39.56 ± 5.06% of the initial 
+ population. This is very similar to the estimate of 44.10-
15.02% obtained by exclusion for the same period. The close 
agreement between these two independent estimates is probably 
fortu·i tous, cons idering the co nfidence interval for the 
exclusion figure. Too much weight should not be attached to 
the relatively narrow confidence interval for the experimental 
field population estimate, since this does not allow for 
possible bias arising from failures in the assumptions of this 
method, ~., that £ is simply the average of the population 
densities in the top 3.0cm. at the beginning and end of a time-
interval. Nevertheless, it does appear that approximately 40% 
of the very large population of third-instar grass grubs present 
in this localised area of 0.64 acres was destroyed by starlings 
over this one month period. 
The similarity of the two estimates also suggests that 
exclusion of birds had little effect on the magnitude of 
contemporaneous mortalities, which were low (12.16% in the caged 
areas - table 10-19), and that there was little interaction 
between these mortalities and bird predation. The major contem-
poraneous mortalities appeared to be rickettsial and milky 
diseases, with some larval combat undoubtedly occurring at the 
high grass grub densities encountered. Captive starlings ate 
milky and rickettsial-diseased grass grubs as readily as healthy 
ones, with no apparent ill effects, and no tendency was observed 
for the proportion of diseased larvae to dllfer between the top 
3.0cm. and greater depths. This suggests that bird predation 
and disease would interact randomly (V = 1 in formula VI. 5, 
p. 586), which would tend to result in exclusion underestimating 
,': :':" :->~ :.: - _-:-~ , : ___ : L ,.: ,. , • _ ., •• , '." ".' _ •• ". • _ • _ '.<-.-_ 
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the proportion of the grass grub population destroyed by 
birds (only healthy larvae were used in experimental field 
populations). The absence of such an effect from the results 
is probably due to the low level of contemporaneous mortality 
(M2 in formula VI.5). 
Table 10-24. Exclusion results, Winchmore plot 3, for the 
period when the plot was stocked. Population 
densities expressed as grass grubs per square 
metre. 
Areas Grass grub population density Average %age 
reduction 
8+9/iv/70 27+28/vi/70 
Caged 535.47 433.91 18.52 
Open 561.05 102.25 83.68 
L---, 
Analysis of differences 
Source Sum of Degrees of Mean square F 
squares freedom 
--
+-, 
Caged vs. 
open 275.352 1 275.352 38.367 
(p < 0.001 ) 
Error 100.475 14 7.176 
1--' 
Total 375.827 1 5 
__ I-, 
Table 10-24 shows the results of excluding birds and 
sheep during the period when plot 3 was stocked. The average 
percentage reductions are expressed as percentages of the 
initial population of caged and open areas combined. The sample 
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counts are listed in appendix XII. The 8-acre paddock con-
taining plot 3 was grazed by a mob of 550 ewes for 1-2 hours 
per day during time-intervals 5 and 6, for 5-6 hours per day 
during the first half of interval 7, and used as a runoff from 
the last half of interval 7 onwards, except for three days 
during interval 11. The results obtained from experimental 
field populations over this petiod are presented in table 
10-25. 
The estimates of the percentage of the total population 
destroyed by bird predation and sheep treading combined during 
the period April 10th to June 26th were 65.16 ± 22.57% from 
exclusion and 39.69 ± 5.73% from experimental field populations. 
Although these 95% confidence intervals just overlap, there is 
a strong suggestion that the method based on experimental field 
populations underestimated the total mortality. The similarity 
of the estimates obtained by the two methods for the period when 
the plot was not stocked suggests that the difference between 
the estimates for the period when the plot was stocked may have 
arisen through differences in estimating the number of grass 
grubs killed by sheep treading (NC). It is possible that the 
mesh field cages may have provided some protection for seeded 
larvae against crushing by sheep treading, but this seems un-
likely, as the field cages were not very strong and were quite 
often pushed partly out of shape by sheep treading. A more 
likely explanation is that the mortality caused by stock feet 
was not restricted to the top 3.0cm. of soil, so that the use 
of experimental field populations restricted to the top 3.0cm. 
underestimated NC. O'Connor (1956) stated that soil compaction 
caused by stock treading extended to depths of 3in. (7.6cm.). 
Effects of Weather on Mortality of Third-instar Grass Grubs. 
The experimental field populations provided some infor-
mation on the effects of weather conditions on the mortality 
inflicted by starlings and sheep treading (table 10-26). The 
Table 10-25. Results of experimental field population studies at Winchmore plot 3 for the 
period when the plot was stocked. MC and NC are the proportion and no., 
respectively, of grass grubs in top 3.0cm. crushed by sheep treading. TNC = 
total no. crushed. Other symbols as in table 10-23. ·Densities expressed as 
grubs/m2 • 
Date 8/iv/70 20/iv/70 29/iv/70 11/v/70 21/v/70 1/vi/70 15/vi/70 27/vi/70 
Grass grub 
density in 286.36 274.54 250.67 198.94 
top 3.0cm. 
Time - interval 5 6 7 
d 280.45 262.60 224.80 
-
MB 0.03 0.01 0.11 
NE 8.41 2.62 24.72 
MC 0.04 0.00 0.41 
NC 11 .22 0.00 92.17 
TNE = 69.39 
TNE + TNC = 222.70 ± 32.16 
147.22 127.32 87.53 
8 9 10 
173.08 137.27 107.42 
0.04 0.17 0.02 
6.92 23.33 2.15 
0.01 0.10 0.05 
1 .73 13.73 5.37 
TNC = 153.31 
(95% confidence interval) 
36.28 
11 
61 .90 
0.02 
1.24 
0.47 
29.09 
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rainfall readings were obtained from a rain gauge situated 
beside Winchmore plot 1. The frost readings were those 
recorded at theWinchmore Irrigation Research Station, which 
is 4 mile s from the 'area where the plots 1 and 3 were s i tua ted. 
In a flat, featureless area such as the Canterbury Plains, 
the weather at sites 4 miles apart would be expected to be very 
similar (Watt, 1968, p. 288), and this was confirmed by the 
rainfall recordings, which differed by only a few points 
between the Winchmore Research Station and plot 1. 
Table 10-26. Effects of weather on the proportion of 
experimental field populations at Winchmore 
plot 3 destroyed by birds (MB) and sheep 
treading (MC). 
Time- Total no. No. rain Inches No. frost MB 
interval days in days of rain days 
interval 
1 7 4 1.85 0 0.33 
2 7 3 1.29 0 0.28 
3 7 2 0.27 1 0.22 
4 4 1 0.08 1 0.07 
5 10 0 0.00 3 0.03 
6 8 0 0.00 4 0.01 
7 11 7 1. 64 4 0.11 
8 9 0 0.00 7 0.04 
9 10 3 0.78 9 0.17 
10 13 3 0.96 10 0.02 
11 1 '1 3 2.24 7 0.02 
MC 
--
-
-
-
-
0.04 
0.00 
0.41 
0.01 
0.10 
0.05 
0.47 
During time-intervals 1 to 4, when the plot was not stocked, 
grass grub density was high (table 10-23), rainfall was frequent 
and frosts were few, starlings destroyed a large proportion of 
I 
i 
I 
r- --- _0·'._'. 
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the grass grubs present in the top 3.0cm., especially during 
intervals 1 to 3. The commencement of grazing coincided with 
a dry spell (intervals 5 and 6), when both MB and Me were low. 
Thereafter MB and Me tended to be greater during intervals 
when rainfall was high, and consequently the soil was soft, 
as would be expected. This was particularly noticeable with 
Me, which was greatest during the two intervals of highest 
rainfall, 7 and 11. MB was low during intervals of no rainfall, 
higher in intervals 7 and 9, but low during intervals 10 and 
11 when there was considerable rainfall, and never reached the 
high levels of periods 1-3 after the plot was stocked. The 
latter effect probably arose from a combination of increased 
soil penetrability after trampling by stock, more frosts, 
which increase the resistance of soil to starling bills and 
sheep feet by freezing the top 0.5-1 .Ocm. of soil, although 
this usually thaws out by mid to late morning, and a steady 
decline in the population density of grass grubs in the top 
3.0cm. (table 10-25). The low values of MB during intervals 
10 ~nd 11 may have resulted from the grass grub density in the 
top 3.0cm. having fallen below the level where starlings found 
it profitable to concentrate on searching for grass grubs. 
Vertical Movement of Third-instar Grass Grubs. 
The results obtained at Winchmore plot 3 also provided 
infJrmation on the vertical distribution of grass grubs 
(ta)le 10-27). During the period that the plot was not grazed, 
Mar::h 9th to April 9th, the proportion of the population in 
the top 3.0cm. remained at about 68-70% in the caged areas, 
but declined to 51% in the open areas. In this period birds 
rem')ved approximately 40% of the total grass grub population, 
as 3stimated by both exclusion and experimental field popu-
lations, and all of these grubs were extracted from the top 
3.0~m. of soil since grass grubs at greater depths are out of 
the reach of starlings. The lack of a significant change in 
the percentage of the population in the top 3.0cm. in the caged 
- - - ~ . ,--- -----;-.- -,' -" . 
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areas suggests that the percentage mortality in these areas, 
which was only about 12% (table 10-19), may have been similar 
among the grass grubs in the top 3.0cm. and those at greater 
depths. 
Table 10-27. Vertical distribution of third-instar grass 
grubs in exclusion areas at Winchmore plot 3. 
Percentage of population in top 3.0cm. 
Areas 
9-10/iii/70 8-9/iv/70 27-28/vi/70 
Caged 68.69 70.00 42.03 
Open 51 .04 35.48 
Assuming there was no net exchange of grass grubs between 
the top 3.0cm. and deeper layers in the open areas, birds 
destroyed 44% and other facto~ 12% of the initial total popu-
lation, and the mortality caused by other factors was pro-
portionately the same above and below the 3.0cm. depth, 
then the final (April) grass grub populations at depths less 
than and greater than 3.0cm. (DL and DG, respectively), expres-
sed as proportions of the initial total population, would be 
as follows, assuming that 70% of the initial population was 
present in the top 3.0cm.: 
DL = 0.70 - 0.70 x 0.12 - 0.44 = 0.176 
DG = 0.30 - 0.30 x 0.12 = 0.264 
The total final population (DL + DG) is 44% of the initial 
population, i.e., total mortality was 56%, as estimated by 
exclusion (table 10-19), while the predicted proportion of 
0.176 
the final population in the top 3.0cm. is 0.440 = 40%. The 
actual percentage of the population in the top 3.0cm. of the 
open areas at this time was 51% (table 10-27). This suggests 
that there may have been a net upward movement of grass grubs 
r·· .. --
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into the top 3.0cm. of the open areas over this period, which 
partly compensated for the reduction in the proportion in the 
upper layer caused by starling predation. 
A similar effect was apparent in the exclusion results 
from Winchmore plot 1, where 54.31% (approximately 54%) of the 
population was destroyed by birds (and sheep) between March 
and July, 1969, with mortality in the caged areas over this 
period about 10% (table 10-7) and 60% of the March population 
in the top 1in. Using the same method as above, in the absence 
of net vertical movement, the July populations above (DL) and 
below (DG) 3.0cm. would be given by: 
DL = 0.60 - 0.60 x 0.10 - 0.54 = 0.00 
= 0.36. DG = 0.40 - 0.40 x 0.10 
In the absence of vertical movement the proportion in the top 
inch in the open areas should have fallen to zero in July, but 
it was actually just under 30%, which suggests that there was 
considerable upward movement during this period. An alternative 
explanation is that not all of the 54% mortality was restricted 
to grass grubs in the top inch, some of it having been caused 
by sheep treading at greater depths. For example, if sheep 
treading is assumed to have contributed half of the 54% 
~ortality, 16% of this occurring in the top inch and the other 
11% at greater depths, the calculatioMbecome: 
DL = 0.60 - 0.06 - (0.27 + 0.16) = 0.11 
DG = 0.40 - 0.04 - 0.11 = 0.25. 
The proportion of the population ln the top inch in July is 
now g:~~, approximately 30%, close to the observed figure. 
However, the mortality contributed by sheep treading appeared 
to be small (table 10-7), and it seems likely that there was 
at least some net upward movement of grass grubs. At this 
plot in 1970 mortality of third-ins tar larvae was of the same 
order as in 1969 (table 10-17), but the percentage of the popu-
lation in the top inch showed relatively little decrease from 
March to early June (fig. 9-2, p.154). This suggests that there 
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was some upward movement of grass grubs, unless sheep treading 
caused significant mortality at depths of greater than 1in. 
The proportion in the top inch declined to 24% in mid-July, 
probably because of downward movement of fully fed larvae in 
June and early July. 
There is a general upward movement of feeding Q. zealandica 
larvae in search of fresh root material from January to March 
in these irrigated Winchmore soils, as described in chapter 9, 
the percentage of the population in the top 1in. reaching a 
peak of about 65% early in the third instar, in March, at 
about the time bird predation commences. Since third-instar 
larvae usually react aggressively on meeting one another and 
tend to be distributed evenly among 4cm. diameter cores in the 
top 3.0cm. of infested areas (table 11-15, p.284), the removal 
of larvae by starlings may reduce the pressure of intraspecific 
interactions among grass grubs in the top 3.0cm., allowing 
other grubs to move up into this top layer in search of root 
material. 
At Winchmore plot 3, from April 10th to June 27th, 1970, 
when the plot was heavily stocked, the proportion of the popu-
lation in the top 3.0cm. showed an overall decline in both 
caged and open areas (table 10-27). The downward movement of 
grass grubs in caged areas over this period was a result of 
larvae completing their feeding, most of those found at depths 
greater than 3.0cm. in late June in both caged and open areas 
having a large amount of body fat and partly voided guts. The 
proportion of the population destroyed during this period by 
bird predation and sheep treading combined was estimated as 
approximately 65% from exclusion and 40% from experimental 
field populations. Taking 40% as an estimate of the percentage 
of the total population in the top 3.0cm. destroyed by birds 
and sheep, with bird predation accounting for approximately 
12% and sheep treading for the remaining 28% (table 10-25), 
the 25% difference between the exclusion and experimental field 
- ; . -.' .~,-.-. --.. :-.. ' ,-.~.:. -- --
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population estimates can be regarded as the percentage of the 
total population destroyed by sheep treading at depths greater 
than 3.0cm. Applying the same method as before, and taking 
the mortality over and above that caused by bird predation 
and sheep treading as approximately 18% (table 10-24), in the 
absence of vertical movement the populations above (DL) and 
below (DG) 3.0cm. in late June would have been: 
DL = 0.51 - 0.51 x 0.18 - 0.40 = 0.018 
DG = 0.49 - 0.49 x 0.18 - 0.25 = 0.152. 
The predicted proportion of the population in the top 3.0cm. 
is g:~ig = 10.5%, compared with the actual value of 35.48%. 
It would appear that there was a considerable net upward move-
ment of grass grubs into the top 3.0cm. over this period 
(April - June), especially as samples from caged areas indicated 
a downward movement of fully-fed larvae, most of which probably 
occurred towards the end of the period, in mid-late June (cf. 
fig. 9-2, p.154). 
An indication of the net exchange of grass grubs between 
the top 3.0cm. and deeper layers at plot 3 can be obtained from 
the results of work with experimental field populations (tables 
10-23 and 10-25), by comparing the change in the grass grub 
density in the top 3.0cm. (~) from the beginning to the end of 
each time-interval with the number (NT) estimated to have been 
destroyed in this layer by birds (intervals 1 to 4) or birds 
and sheep treading combined (intervals 5 to 11). There was a 
steady decline in ~ throughout the period of study. If there 
was no net exchange of grass grubs between the top 3.0cm. and 
greater depths during a time-interval, the decrease in d would 
be expected to be slightly greater than NT, because of the 
mortality caused by factors other than bird predation and sheep 
treading. A decline in ~ much greater than theestimate of NT 
would indicate significant downward movement of grass grubs, 
and vice versa. These comparisons are shown in table 10-28, 
+ indicating a net upward movement of grass grubs into the top 
- _ .. .;-" _ ... ;.:<:-' 
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Table 10-28. Comparison of the change in grass grub density 
in the top 3.0cm. (~) from the beginning to 
the end of a time-interval with the number re-
moved from the top 3.0cm. by bird predation 
and. sheep treading combined (NT), as estimated 
with experimental field populations. + indi-
cates net upward movement, - net downward 
'. --' .:.; -~-
f:;·: - .. --. 
movement; d and NT expressed as grass grubs·::' 
per square metre. 
Time-interval Decline in d from Direction 
beginning to end of net 
of interval NT movement 
1 225.55 219.72 (-) 
2 163.13 132.02 -
3 87.54 76.15 (-) 
4 16.03 20.60 (+) 
5 11 .82 19.63 (+ ) 
6 23.87 2.62 
-
7 51 .73 116.89 + 
8 51 .72 8.65 
-
9 19.90 37.06 + 
10 39.79 7.52 
-
11 51 .25 30.33 
-
'----
3.0cm. and - a net downward movement; very small differences of 
doubtful significance are enclosed in parentheses. 
There is little indication that marked vertical movement 
of grass grubs took place during intervals 1 to 4, although 
the exclusion results suggested a net upward movement during 
ih~ period. Vertical movement during intervals 5 to 9 appeared 
to be related to rainfall. There was no rainfall in intervals 
5, 6 and 8, and the results indicate a net downward movement 
I 
I 
I: ... -: .... 
1 
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in two of these intervals, with little movement in the other. 
During intervals 7 and 9, when 1.64 and 0.78in. of rain fell, 
respectively, there was apparently a net upward movement. 
Although these results suggest that rainfall had a marked 
influence on the direction of vertical movement, they do not 
contradict the evidence presented in chapter 9 that changes in 
soil moisture in irrigated areas have only a minor effect on 
the proportion of third-instar larvae in the top 3.0cm. For 
example, the greatest difference between NT and the decline in 
d recorded in table 10-28 is 65.16 in time-interval 7. If none 
of these larvae were killed by factors other than bird pre-
dation and sheep treading, a net upward movement of 65.16 grubs 
per square metre represents approximately 25% of the population 
density in the top 3.0cm. at the beginning of this interval 
(table 10-25), and probably only 12-15% of the total population 
density at this time, since about 50% of the population were 
in the top 3.0cm. at the beginning of interval 5 (table 10-27). 
The difference between NT and the decline in ~ was considerably 
less during the other intervals (table 10-28), but these minor 
changes in the density of grass grubs in the top 3.0cm. may 
nevertheless have been large enough to significantly affect 
the profitability of grass grubs to starlings, especially as 
the density in the top 3.0cm. tended to be higher during wet 
periods, when the soil was softer and hence easier for the 
birds to probe into. Although a considerable amount of rain 
fell during intervals 10 and 11, there appeared to be a net 
downward movement of grass grubs. This probably arose from 
larvae completing their feeding and moving downwards in the soil, 
as most of those found at depths greater than 3.0cm. at the end 
of interval 11, in late June, were in fully-fed condition. 
The comparisons in table 10-28 suggest that there was rela-
tively little net exchange of grass grubs between the top 3.0cm. 
and greater depths over the period between time-intervals 5 and 
11 as' a whole, whereas calculations based on the proportions in 
I 
I 
I I: :c---
I 
I 
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the top 3.0cm. in exclusion area samples had suggested a net 
upward movement. However, slight changes in the assumptions 
can profoundly affect the results of the latter calculations. 
For example, for the period between intervals 5 and 11, if 
interaction between mortalities is assumed to reduce the 
mortality caused by factors other than predation and sheep 
treading from 18% to 12%, and bird predation accounted for 8% 
of the population instead of 12%, the calculations become 
(cf. p.209): 
DL = 0.51 - 0.51 x 0.12 - 0.36 0.089 
DG = 0.49 - 0.49 x 0.12 - 0.25 = 0.181. 
The total mortality is now 73% (0.181 - 0.089 = 0.270) instead 
of 83%. Assuming no vertical movement of grass grubs had 
occurred during this period, the calculated percentage of the 
final population in the top 3.0cm. is now g:~~6 or approxi-
mately 33%, much closer to the observed value of 35.48% than 
was the previous estimate of 10.5%. The changes in the mor-
talities which gave rise to this closer estimate are all well 
within the 95% confidence intervals of the estimates of these 
mortalities. It is clear that no definite conclusions can be 
drawn from these results as to the extent of vertical movement 
of grass grubs in this period, in the abserice of information 
on the mortality caused by sheep treading at depths greater than 
3.0cm. 
During time-intervals 1 to 4 the plot was not stocked and 
there was consequently no sheep treading. Although calculations 
based on exclusion samples suggested a net upward movement of 
grubs during this period (p.206), the figures in table 10-28 
suggest a net downward movement, if anything. While it is 
possible that different results from those in the table would 
have been obtained if the population density in the top 3.0cm. 
had been measured even more frequently, the calculations based 
on exclusion samples are once again highly sensitive to slight 
changes in mortalities. For example, if birds are assumed to 
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have removed 35% of the total population during this period, 
instead of 44%, the calculations become 
DL = 0.70 - 0.084 - 0.35 = 0.266 
DG = 0.30 - 0.036 = 0.264 
and the percentage in the top 3.0cm. at the end of the period 
is now g:;~~ = 50.2%, close to the observed value of 51%. 
From these results it can not be concluded that there 
was definitely a net upward {or downward} movement of grass 
grubs into (or out of) the top 3.0cm. of soil in these 
WinchmOre plots over the main period of bird predation, March 
to early June. However there is some indication that a net 
upward movement did occur, especially in the results obtained 
at plot 1 (p.207). 
COMPARISON OF EXCLUSION AND EXPERIMENTAL FIELD POPULATIONS 
In comparing these two methods of measuring predation 
mortality, the main factors to be considered are the relative 
cost and the relative precision of the estimates obtained and 
possible sources of bias. 
Sources of Bias. 
Considering bias first, it has already been pointed out 
in chapter 7 that exclusion did not appear to significantly 
alter the physical environment of the grass grubs, and that the 
experimental field populations did not result in a significant 
increase in the population density of grass grubs within the 
study plot. Exclusion of predators from small areas of turf, 
9 or 12ft. by 6ft, could result in a biased estimate of pre-
dation mortality because of lateral movement of grass grubs. 
Although the net lateral outward movement of larvae from local 
centres of infestation is no more than a few feet, this could 
be sufficient to seriously affect the results obtained with 
small exclusion areas. 
The possibility of significant dispersal of grass grubs 
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from exclusion areas was checked at Winchmore plot 1 in 1969, 
by taking ten spade squares from 3ft. wide strips around each 
of four fenced and four open areas when the populations of 
early and late third~instar larvae were sampled in March and 
July. These sample counts are listed in appendix XII and the 
results are shown in table 10-29. The percentage reductions 
are similar to that recorded in the open areas over the same 
period (68.43%), which suggests that there was little dispersal 
of grass grubs from or into the exclusion areis. In particular, 
some outward dispersal might have been expected from the fenced 
areas (half of each one being caged), which were effectively 
"islands" of high population density by early July. Such 
dispersal would have been expected to result in a smaller popu-
lation reduction in the 3ft. wide strips surrounding fenced 
areas than in those adjacent to open areas, but no such effect 
was apparent. The conclusion that there was no significant 
dispersal from these small exclusion areas ~ supported by the 
results obtained in the same plot in 1970 with the 0.3-acre 
open and caged areas (tables 10-16 and 10-17, p.187), which 
were large enough to be virtually unaffected by outward dis-
persal of larvae from localised population centres. Grazing 
management and bird numbers were similar to the previous year, 
although grass grub d~nsities were lower in the larger areas 
of 1970 than in the smaller areas of 1969. The mortality of 
third-instar larvae from March to July, 1970, was 66.97% in 
the open plot and 21.50% in the caged plot, similar to the 
average reductions of 68.43% and 11.17% recorded in the open 
and caged 12ft. by 6ft. areas, respectively, in 1969. 
This apparent lack of significant dispersal at Winchmore 
contrasts with the situation recorded at the Lincoln plot in 
1969, where there was a significant movement of larvae from 
damaged patches of pasture into adjacent 3ft. wide areas of 
undamaged pasture (table 10-30). Samples were not taken from 
strips adjacent to the exclusion areas on this plot, or on the 
",.: ... --:.;_ ..... :-. 
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Table 10-29. Population densities (grass grubs per spade 
square) in 3ft. wide strips around exclusion 
areas at Winchmore plot 1. 
Grass grub population density 
Site 13+14/iii/69 2+3/vii/69 Average 'foage reduction 
Strips around 
fenced areas 18.075 5.325 70.54 
Strips around 
open areas 12.850 5.000 61.09 
Table 10-30. Lateral dispersal of grass grubs at Lincoln 
plot. References to pasture damage refer 
to 1969. 
Stage of Population Percentage of population 
Date life density 2 
cycle (grubs/m. ) In Within 3-6ft. >6ft. 
damaged 3 ft. from from 
areas of dam. dam. dam. 
areas areas areas 
28-29/ii/69 Second-
ins tar 
larvae 214.37 86.2 11.7 1.6 0.5 
30/viii/69 Late 
third-
ins tar 
larvae 89.92 67.8 28.3 2.5 1.4 
f22/ii/70 Second-
instar 
larvae 65.50 55.2 40.5 3.1 1.2 
n 2/x/70 Pupae 33.18 36.0 41.1 3.7 19.2 
Table 10-3~. Population densities (grass grubs per square 
metre) in 3ft. wide strips around exclusion 
areas at Winchmore plot 3. 
Site Grass grub population density Average 'foage 
reduction 
10/iii/70 9/iv/70 
Strips around 1087.14 536.03 50.69 
caged areas 
Strips around 995.65 435.93 56.21 
open areas 
: 
i< 
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other non-irrigated plot at Weka Pass, but as the exalusion 
areas in these two plots were situated within the badly 
damaged areas of pasture, there was undoubtedly some outward 
dispersal of larvae 'from these areas. Nevertheless, if bird 
predation or sheep treading had caused significant mortality 
at these plots, caging would still have been expected to have 
had an observable effect on grass grub survival. In future 
exclusion studies in non-irrigated areas, it may be preferable 
to use areas large enough to completely cover localised patches 
of grass grub-damaged pasture, including a 3ft. wide strip of 
undamaged pasture, or at least to position the caged and open 
areas so that they include both damaged and adjacent undamaged 
pasture. At the Lincoln plot in 1970 the grass grub population 
had declined to a low level, with no patches of damaged pasture, 
and the exclusion areas were situated within the area which 
had been occupied by pasture damage, together with an adjacent 
3ft. wide strip of undamaged turf, in the previous winter. 
The apparent difference in dispersal of third-ins tar 
larvae at Winchmore and Lincoln is probably related to the 
degree of pasture damage. The relatively great lateral move-
ment recorded at the Lincoln plot in 1969 occurred in a 
situation where the population was high enough to destroy most 
of the pasture in the damaged patches, resulting in an outward 
dispersal of larvae searching for root material. In contrast, 
the March populations of 400-600 larvae per square metre en-
countered at Winchmore plot 1 were not large enough to cause 
much death of pasture plants, although they did suppress 
pasture growth (plate 14-1). Under these conditions, where 
the grass grubs did not completely destroy the local food supply, 
there appeared to be little lateral dispersal and also little 
year to year spread of pasture damage. Fenemore (1970, table 1) 
reported a situation where there was very little lateral dis-
persal of third-ins tar grass grubs occurring at a population 
level too low to cause appreciable pasture damage. The results 
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obtained at the Lincoln plot in 1969 and 1970 showed that a 
net outward movement of larvae occurred from areas of 
damaged pasture (table 10-30). In 1970 there was considerable 
lateral dispersal despite the low population level and lack 
of visual pasture damage, which differs from the situation 
recorded at Winchmore. Pasture plants may be able to toler-
ate a considerable amount of root pruning by scarabaeid 
larvae before herbage production is significantly depressed 
(Davidson, 1969). It is possible that the lateral dispersal 
at Lincoln in 1970 was a result of grass grubs moving out 
after destroying enough roots to significantly deplete their 
local food supply, but not enough to cause a visible decline 
in herbage production, but if this was so a similar effect 
might have bee,n expected at Winchmore, where there appeared 
to be negligible lateral dispersal even after moderate 
pasture damage was visible. 
Dispersal of third-ins tar larvae from 9ft. by 6ft. exclu-
sion areas at Winchmore plot 3 was studied by taking ten 
spade squares from 3ft. wide strips around each of four caged 
and four open areas on March 10th and April 9th, 1970, with 
the results shown in table 10-31. The sample counts are 
listed in appendix XII. Population mortality over this period 
was 56.26% in open areas and 12.16% in caged areas (table 10-
19). Although the average percentage reductions in the 3ft. 
strips were not significantly different from that in the open 
areas, there is a suggestion that the mortality may have been 
slightly lower in the strips adjacent to caged areas, possibly 
as a result of outward dispersal of larvae from these areas. 
Such dispersal would certainly have been expected, since the 
high initial population of over 1000 grass grubs per square 
metre caused severe damage to the pasture, while the population 
density in the caged areas in early April was almost twice 
that in the open areas (table 10-19). The apparent lack of 
significant dispersal from caged areas during this period may 
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have been due to the lack of better pasture in the adjacent 
areas. Almost all of plot 3 was severely damaged, so that 
caged and open areas were surrounded by equally badly damaged 
pasture, rather than being isolated areas of damaged pasture. 
In the few localised areas of undamaged pasture within the 
plot (plate 10-1), which were 4-8ft. across, grass grub 
populations were low in April, but had increased to a level 
much nearer the population of the rest of the plot by late 
May (table 10-38, p.235), as a result of dispersal of larvae 
from the adjacent severely damaged areas. 
Dispersal from exclusion areas was not measured in the 
period when plot 3 was stocked, and it is possible that sig-
nificant dispersal of Jarvae may have occurred during this period, 
although this seems unlikely in view of the results obtained 
for the period when the plot was not stocked. If such dis-
persal did occur it would be expected to have been greater 
from the caged areas, where grass grub density was higher, 
which would have resulted in exclusion giving an underestimate 
of mortality. It therefore appears unlikely that the differ-
ence between the mortality estimates for the period when the 
plot was stocked ohtained by exclusion (65.16%) and experi-
mental field populations (39.69%) can be explained by lateral 
dispersal of grass grubs. In general, it appears that lateral 
dispersal of grass grubs did not complicate the results of 
exclusion work in this study, at least at ~inchmore, but 
exclusion areas larger than 12ft. by 6ft. or 12ft. square 
may be necessary in plots which are a mosaic of damaged and 
undamaged pasture, as often occurs with grass grub infestations, 
especially in non-irrigated pastures. 
Turning to consideration of possible sources of bias with 
experimental field populations, the assumptions of this 
method, which were discussed on p.128, do not appear to have 
been seriously invalidated, at least for the period when plot 
3 was not grazed, judging by the similarity of the estimates 
--.- .-... _---.-.-;---.'. 
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of predation mortality obtained by this method and exclusion 
for this period. Experimental field populations have an 
advantage over exclusion in that they allow the mortalities 
caused by bird predation and sheep treading to be estimated 
separately. However, in this study the restriction of experi-
mental field populations to the top 3.0cm. apparently led to 
an underestimate of the mortality caused by sheep treading 
because some of this mortality occurred at greater depths. 
Field cages extending to any required depth could be con-
structed, but with cages deeper than 3.0cm. a possible source 
of bias could arise through the vertical distribution, and 
hence the proportion exposed to bird predation, differing 
between the experimental population and the actual population 
in the study plot. The estimates obtained from experimental 
field populations in this study did not appear to suffer from 
any obvious sources of bias, apart from the failure to measure 
sheep treading mortality at depths greater than 3.0cm. 
Cost of Estimates. 
In terms of absolute cost, the exclusion method was cheaper. 
It took approximately 1 man-hour to erect a single fence and 
construct a plastic netting, metal-frame cage within the fence, 
while the total cost of sampling third-ins tar larvae with 
spade squares at Winchmore, including extraction by flotation 
and wet-sieving, was 18.48 min. per spade square (table 3-12, 
p. 54). Assuming there are 10 caged and 10 open areas, with 
8 spade squares taken from each area on two sampling occasions 
(March and July), the total labour cost of measuring predation 
mortality by exclusion is as follows: 
Erection of exclusion fences and cages 
Sampling and extraction (320x18.48min.) 
Total cost 
With previously constructed exclusion cages, 
hours 
10 
98 
108 
such as 
mins. 
34 
34 
the wire 
:.:---::.:< .. -.- '. 
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netting, wooden-frame cages used in some areas at Winchmore, 
the cost of cage construction does not enter into the labour 
costs. 
With experimental field populations, the labour costs were 
as follows, for a single worker: 
Mins.!field cage 
Construction of cage 2.0 
Relocation, seeding and removal of cage 1.5 
Inspection of cage after removal (by 
flotation and wet sieving) 0.8 
4.3 
Measurement of the grass grub density in the top 3.0cm. had 
a total cost of 1.2 mins. per 4.Ocm. diameter core, including 
location of the sampling position by pacing, taking the core, 
and inspecting its contents by hand-sorting. On each sample 
day, 200 4.Ocm. cores were taken and hand-sorted in the field, 
which took 200 x 1.2 = 240 minutes on average. Although 
3000 field cages were constructed at plot 3, 250 of them were 
not used. Assuming that 2750 field cages were constructed, 
250 (including 50 controls) were seeded at the start of each 
time-interval, and that the study period was divided into 11 
intervals, the total cost of measuring predation mortality by 
this method would be: 
2750 x 4.3 + 12 x 240 mins. = 245 hrs. 5 mins. 
which is about 2t times the cost of the exclusion estimate of 
108! man-hours. 
As well as having a high total cost, experimental field 
populations also entailed periods of intensive field work. 
Construction of the 3000 field cages in plot 3 took two workers 
50 hours, or over six 8-hour days. On each sample day, when 
250 field cages were relocated and removed and another 250 
seeded with grass grubs, and 200 4.Ocm. diameter cores were 
taken and hand-sorted in the field, over 10 hours were spent 
.. " -: '_." --~", 
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in the field by a single worker. The above calculations do 
not allow for the extra labour which was sometimes necess-
ary to collect grass grubs for seeding into field cages, 
although most of the grubs used for this purpose came from 
population samples, many of them being used in experimental 
populations in more than one time-interval. Although the 
labour cost of exclusion was considerably less than that of 
experimental field populations at the levels of intensity 
at which the two methods were operated in this study, the 
reverse applies to the financial cost of materials. This was 
much higher for the exclusion method, which required several 
hundred dollars worth of fencing materials. 
Precision of Estimates. 
The other consideration in comparing the two methods is 
the relative precision of the estimates. The estimates of 
the mortality caused by bird predation in the period when plot 
3 was not stocked (March - April) were 39.56 ± 5.06% for 
experimental field populations and 44.10 ± 15.02% for exclu-
sion, while the estimates of the mortality caused by bird 
predation and sheep treading combined during the period when 
plot 3 was stocked (April-June) were 39.69 ± 5.73% for experi-
mental field populations and 65.16 ± 22.57% for exclusion. 
These 95% confidence intervals suggest that the higher cost 
of experimental field populations was compensated by greater 
precision in the estimate, but the confidence intervals cal-
culated for this method would be suspect if the assumptions 
of the method were invalidated. In this study it appeared to 
be safe to treat the proportion of the population in the top 
3.0cm. of plot 3 destroyed by birds (or birds and sheep) as a 
binomial proportion. This may have been a result of the rela-
tively small size of the plot (0.64 acres) and the fact that 
it was fairly uniformly infested by a very high population of 
third-ins tar larvae and was visited by large numbers of starl-
ings. In a larger plot, ~., 2-4 acres, containing numerous 
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discrete patches of high grass grub density and visited by 
smaller numbers of starlings, the cumulative feeding effort 
of the birds over 5-15 days could be distributed contagiously 
within the plot, since starlings usually feed in compact 
flocks, even if the birds tended to probe randomly within the 
grass grub patches. 
The calculation of the confidence intervals of estimates 
obtained with experimental field populations also depends 
upon the assumption that the average grass grub density in 
the ~op 3.0cm. during a time-interval is the arithmetic 
average of the densities at the beginning and end of the 
interval, i.e., bird predation and other factors remove the 
same proportion of the population in the top 3.0cm. on each 
day during the interval. While this assumption is obviously 
an oversimplification, particularly as weather conditions can 
markedly affect predation and sheep treading mortalities 
(table 10-26), the similarity of the estimate with that ob-
tained by exclusion for the March-April period suggests that 
this oversimplification did not cause serious bias. In general, 
however, the chances of bias making the calculated confidence 
intervals meaningless appear to be much smaller with the ex-
clusion method. 
The effects of varying the number of spade squares per 
exclusion area and the number of exclusion areas on the pre-
cision of the estimate of predation mortality were examined 
with the data obtained at Winchmore plot 1 for the period 
March-July, 1969. The effect of increasing the number of 
spade squares per area (~) from 1 to 8 was investigated by 
analysing the results using only the first spade square taken 
from each area at each sample, then the first two spade squares, 
and so on. The results (table 10-32 and fig. 10-3) suggest 
that the choice of n = 8 was a reasonable one, since the rate 
of decline in the error mean square appears to be levelling out 
at values for n of this order. 
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The analysis of differences used in analysing exclusion 
results (~., table 10-3) assumes that the variance of the 
differences for the caged areas is equal to that for the 
open areas, i.e., th~t the variances are homogeneous, the 
error mean square being a pooled estimate of the variance of 
the differences for caged and open areas. To test for 
homogeneity, the F ratios for the variances of the caged and 
open differences were calculated (table 10-33). Only one of 
the F ratios was significant, indicating that the procedure 
of using the untransformed differences in an analysis of 
variance was generally a valid one. 
Table 10-32. Effects of varying the number of spade squares 
per exclusion area (g) on the results obtained 
at Winchmore plot 1, March-July, 1969. Popu-
lation density expressed as grass grubs per 
spade square. s2 = error mean square from 
analysis of differences. 
n 
1 
2 
3 
4 
5 
6 
7 
8 
March pOJ?n. 
density (caged 
and open areas 
combined) 
13.350 
12.400 
12.766 
13.337 
13.780 
13.633 
13.471 
13.487 
Mean 
difference ln 
survival between 
caged and open 
areas 
7.200 
6.050 
4.566 
4.375 
5.310 
6.017 
7.100 
7.325 
2 
s 
39.588 
37.429 
40.716 
25.164 
16.126 
12.516 
9.270 
7.393 
95% confidence 
interval for 
%age mortality 
53.93 + 44.27 
+ 48.79 - 46.35 
35.77 + 46.95 
32.80 + 35.34 
38.53 + 27.37 
44.13 + 24.37 
52.70 + 21.22 
54.31 + 18.92 
.,":-. --
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Table 10-33. Tests for homogeneity of variances of differ-
ences for caged (S2) and open (S2) areas. 
c u 
m = number of differences in each class (caged 
and open). 
Plot m S2 S2 F P 
- c u 
-
-
Winchmore plot 1, 
March-July, 1969 10 6.987 7.800 1 • 11 6 ns 
Winchmbre plot 1, 
JUly-Nov. , 1969 10 11 .496 1 .452 7.917 <0.01 
Winchmore plot 1, 
March-Nov. , 1969 10 1 5 .701 6.942 2.261 ns 
Winchmore plot 2 10 7.377 8.299 1 .124 ns 
Weka Pass 10 1 .132 0.733 1.544 ns 
Lincoln, 1969 12 0.707 0.453 1 .560 ns 
Lincoln, 1970 12 0.078 0.097 1 .243 ns 
Winchmore plot 3, 
March-April, 1970 8 8.053 19.134 1 .644 ns 
Winchmore plot 3, 
April-June, 1970 8 5.432 8.929 1 .243 ns 
ns = not significant at 10% level. 
The effects of changing the number of open 
(~) on the precision of the estimate were also 
with the 1969 results from Winchmore plot 1. 
and caged areas 
investigated 
The standard 
error of the mean difference in survival between caged and open 
areas (SD) is given by 
2 Setting g = 8 and using the observed values of s = 7.393 and 
mean difference = 7.325, SD can be calculated for any value 
of m (table 10-34). 
FIG. 10-3. RELATIa.JSHIP BETWEEN NO. a=- SPADE SQUARES PER EXCLUSION AREA (n) 
AND ERROR MEAN SQUARE IN ANALYSIS OF DIFFERENCES (S2) FOR RESULTS 
FROM WINCHMORE PLOT 1, 1969. 
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Table 10-34. Effects of varying the number of caged and open 
areas (~) on the standard error of the mean 
difference in survival between caged and open 
areas (SD)' where SD = J14.786/~, for the 
period March-July, 1969 at Winchmore plot 1. 
m SD 95% confidence limits of 
- estimated %age mortality 
2 2.719 54.31 + 86.74 -
4 1 .923 54.31 + 34.87 -
6 1 .569 54.31 + 25.91 
8 1 .359 54.31 + 21 .62 -
10 1 .215 54.31 + 18.92 
-
12 1.110 54.31 + 17.07 -
14 1 .028 54.31 + 15.66 
-
16 0.961 54.31 + 14.54 -
20 0.860 54.31 + 12.87 -
30 0.702 54.31 + 10.40 
-
....... 
~ = 10, i.e., 10 caged and 10 open areas, appears to be 
a satisfactory choice. Increasing m by over half to 16 would 
only have reduced the 95% confidence interval of the esti-
mated mortality by about 4.5% of the initial population in 
either direction. ~ = 30 is about the absolute upper limit 
for the number of caged and open areas in one plot. With 8 
spade squares per area, total sample size would be 480 spade 
squares. The total amount of labour involved in constructing 
30 fences and cages and taking 960 spade squares (March and 
July samples) would be more than 325 man-hours, well in excess 
of the cost of the experimental field population method in this 
study but not an unreasonable upper limit for a team of 2-4 
field workers. 30 caged 12ft. by 6ft. areas would cover about 
'--'- ' 
.'.'.--~"'~-... 
.;. --. -:.~. - .-' 
~ . - .-, ... --.. '-
. __ . 
5% of a 1-acre plot. The confidence interval in table 
10-34 for m = 30 is approximately ± 10% of the initial 
population. 
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Since the error mean square of 7.393 obtained from the 
Winchmore plot 1 results in 1969 was of the same order as 
those from other Winchmore plots (tables 10-11, 10-19, 10-24), 
and the initial (March) population density of about 14.0 third-
instar larvae per spade square (slightly more than 600 per 
square metre) was of the same order as those encountered at 
Winchmore plot 2 in 1969 and in the open and caged 0.3 acre 
plots in 1970, this confidence interval of 10% for!!! = 30 may be 
typical. In other words, the highest level of precision 
which can be attained for the estimated mortality with 
exclusion sampling of the type used in this study is about 
± 10% of the initial population. Exclusion would therefore 
not be capable of even detecting predation mortalities of less 
than 10%. The narrow confidence intervals obtained with 
experimental field populations and the small proportion of 
controls which disappeared (~., table 10-22) suggest that 
this· method would be capable of detecting mortalities con-
siderably less than 10%. However, predation mortalities of 
this order may have little effect on grass grub population 
changes and may not be worthwhile measuring, while exclusion 
would at least establish the level of such mortalities and 
could be used to assess their effect on population trend. 
An alternative approach with exclusion would be to take 
only one spade square from each open and caged area at each 
sample and have as many areas as possible. For n = 1 the 
error mean square is 39.588 (table 10-32), and to bring SD 
down to 0.7 (and hence the 95% confidence limits of the 
estimated mortality to ± 10% - table 10-34) would require 
m = 162. Although the total number of spade squares per 
sample would be considerably reduced (2mn = 324, compared to 
480 for!!! = 30, !! = 8), this approach would be out of the 
-'. --'-'~-- -':',-- .... , -.- - · -. '': »:.:: '.'.-.-~ -' .- - .... - . - :-~.~.~.~ >:.~: '.--
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question. 12ft. by 6ft. is probably close to the minimum size 
of exclusion area necessary to avoid significant lateral 
dispersal, and 162 caged areas of this size would cover 
approximately t acre. If this much fencing material was 
available it would be preferable, and cheaper in terms of 
fencing material, to fence off and cage a single t acre 
(or larger) area, which would be large enough to allow the 
effects of bird predation and/or sheep treading on population 
trend to be assessed without the likelihood of the results 
being affected throu~h emigration or immigration of larvae 
and adults. 
Discussion. 
If the exclusion areas used in this study in plots where 
there was significant predation mortality had only been 
sampled once, at the end of the period of predation, with 
predation mortality calculated from formula VI.4 (p.585) 
instead of formula VI.3 (p.584), the estimated mortalities 
would not have differed greatly (table 10-35). The rela-
tively small differences between the two estimates probably 
arose from the similarity of the initial population densities 
in the caged and open areas of each plot and the low mortality 
in the caged areas. These figures suggest that a reliable 
measurement of the order of predation mortality could be 
obtained by sampling exclusion areas once only, and hence 
reducing the cost, but before and after samples are probably 
preferable if more accurate estimates are desired. 
Table 10-35. Predation (and sheep-treading)mortalities esti-
mated from both initial and final exclusion 
samples (M1) and from final samples only (M2). 
--
Plot M1 (ofo) M2(ofo) 
; 
Winchmore plot 1 , 1969 54.31 67.00 
Winchmore plot 3, March-April 44.10 44.96 
Winchmore plot 3, April-June 65.15 76.43 
,- '-.<';-,' 
-"."' 
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Exclusion has a major advantage over experimental field 
populations in that it directly assesses the impact of 
predation on the prey population. Although the similarity 
of the estimates obtained by the two methods at Winchmore 
plot 3 for the March-April period suggests that in this 
study exclusion effectively measured the same thing as 
experimental field populations, viz., the absolute magnitude 
of predation mortality, probably because contemporaneous 
mortalities were low, further sampling of exclusion areas 
allows the effects of this mortality on inter-generation 
population trend to be assessed, particularly if large ex-
clusion areas are used. Providing the areas are large enough 
to avoid significant lateral dispersal of grass grubs, exclu-
sion is less likely than experimental field populations to 
produce a biased estimate because of failure of the assump-
tions inherent in the method. For these reasons exclusion 
was the preferred technique in this study, with experimental 
field populations used only to provide an independent estimate 
for comparison with exclusion results. Experimental field 
populations would only be preferable to exclusion for measuring 
small predation mortalities, less than about 10%, if this 
was deemed worthwhile. 
MORTALITY CAUSED BY SHEEP TREADING 
While it had been concluded from the exclusion studies 
at Winchmore plot 1 in 1969 that sheep treading caused little 
mortality of third-instar larvae in the period March-July 
(table 10-7), a considerable number of larvae were apparently 
crushed by sheep treading at Winchmore plot 3 in 1970 (table 
10-25). Winter stocking rates were very high in both of these 
plots. The results from plot 2 in 1969, where bird predation 
was low, do not throw any light on the matter as this plot was 
only lightly stocked with hoggets. The difference in the 
results from plots 1 and 3 appears to be a result of the 
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different grass grub densities encountered in the two plots. 
It had been noticed in late winter, 1969, in a Winchmore 
pasture which had been heavily stocked over the winter, that 
soil compaction appeared to be much greater in parts of the 
paddock which had been severely damaged by large grass grub 
populations in the previous autumn than in parts of the pad-
dock which had shown no signs of grass grub damage. Soil 
volume weight was therefore measured in three plots in 1970, 
viz., plots 1 and 3 at Winchmore and a paddock on the same 
property as Winchmore plot 2, to determine the degree of soil 
compaction under heavy winter stocking rates in areas with 
different grass grub densities. The volume weight measure-
ments and associated grass grub counts are listed in appendix 
XIV. 
The results from the paddock on the same property as 
Winchmore plot 2 are presented in table 10-36. The pasture 
in this paddock was in rank condition on March 6th, when three 
1 - 1 square chain areas were located within it. One area 
showed no signs of pasture damage and had an average popu-
lation of 25.83 third-instar grass grubs per- square metre. 
The other two areas showed intermediate and severe pasture 
damage and supported 516.66 and 921.38 grass grubs per square 
metre, respectively. The paddock was heavily stocked from 
March 7th until April 10th, at a stocking rate of 55 ewes/acre. 
Soil compaction caused by stock treading resulted in an in-
crease of 15.2% in soil volume weight in the top 2.5cm. of 
the area with an initial grass grub density of 25.83 per square 
metre. The increase in volume weight was similar in the area 
with an initial density of 516.66 but considerably greater 
in the area with the very high initial grass grub density of 
921.38. Four spade squares were taken from each area on April 
12th (10 from the low density area) and the grass grubs ex-
tracted from them by flotation and wet sieving. It was not 
possible to distinguish grubs damaged during sampling from 
those crushed by sheep treading, but the proportion damaged 
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during sampling would be expected to be similar for all three 
areas. Therefore, the higher proportion of damaged grubs 
in the sample from the high density area (table 10-36) pre-
sumably reflected greater sheep treading mortality in this 
area. 
Autumn populations of about 500 third-ins tar grass grubs 
per square metre depress herbage production of irrigated 
Winchmore pastures by about 50% but cause relatively little 
death of pasture plants, whereas populations in excess of 
800-900 per square metre destroy most of the pasture (chapter 
14). It therefore appears that sheep treading will only cause 
a high mortality of third-ins tar grass grubs in heavily stocked, 
irrigated Winchmore pastures when the grass grub population 
is large enough to destroy almost all of the root system and 
hence reduce the strength of the soil's resistance to compaction. 
It is well known that the presence of a good plant cover, turf 
mat and/or a layer of organic matter protects the soil against 
compaction by animal treading and machines (Parker and Jenny, 
1945; Free, Lamb and Carleton, 1947; Taylor, 1955; O'Connor, 
1956; Sears, 1956). The results in table 10-36 suggest that 
a population of about 500 third-ins tar grass grubs per square 
metre does not weaken the root structure sufficiently to allow 
excessive soil compaction (and hence crushing mortality) under 
high autumn and winter stocking rates. 
Similar results were obtained in the other two plots (table 
10-37). At plot 1, the increase in soil volume weight was of 
the same order ln areas showing no signs of the presence of 
grass grub and in area D, which had a population of 581 .25 
third-instar larvae in March, while at plot 3 the increase ln 
soil volume weight was much higher in the damaged areas, which 
had an initial population of over 1000 grubs per square metre. 
The paddock containing plot 3 was used as a runoff for a con-
siderably longer period than that containing plot 1, as des-
cribed in chapter 8, but the increase in volume weight was 
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Table 10-36. Average soil volume weights (g./c.c.) in top 
2.50cm. of areas within a Winchmore paddock 
with different grass grub densities. 
2 Grass grubs/m • Volume weight ~age increase %age of grubs 
on 6/iii/70 in volume damaged in 
6/iii/70 12/iv/7C weight sample of 
12/iv/70 
25.83 0.879 1 .013 15.2 8.3 
5.16.66 0.913 1 .018 10.3 12.2 
921.38 0.895 1 .170 23.5 32.3 
"---. 
Table 10-37. Average soil volume weights (g./c.c.) in top 
2.50cm. of Winchmore plots 1 and 3. 
_. 
Plot Volume weight %age increase 
Plot 1 20/iii/70 15/vii/70 volume weight 
Undamaged areas 0.868 0.975 12.3 
Area D 0.935 1 .104 18. 1 
--
-, 
Plot 3 10/iii/70 28/vi/70 
Undamaged areas 0.940 1 .087 15.6 
Damaged areas 0.910 1 .230 35.1 
similar in undamaged areas of both paddocks, although the 
average volume weight in undamaged areas was higher in the 
paddock containing plot 3. 
The differences in the results obtained from plot 1 in 
1969 and plot 3 in 1970 may therefore be explained by the 
different autumn grass grub populations of 500-600 and over 
--
in 
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1000 per square metre, respectively. The 10-15 year old 
irrigated Winchmore pastures in which this work was carried 
out possess a strong root system and abundant organic matter, 
with considerable effort required to tear the turf apart when 
breaking up soil samples from undamaged areas. This turf mat, 
although not approaching the condition where the pasture be-
comes sod-bound, is apparently strong enough to resist sheep 
treading and hence protect grass grubs against crushing until 
the grub population builds up to the level where the turf mat 
is virtually destroyed. 
Plates 10-1 and 10-2 illustrate the influence of grass grub 
density on the effects of heavy winter stocking on irrigated 
Winchmore soils. Plot 3 contained a small number of localised 
areas of apparently undamaged pasture, as in plate 10-1, which 
supported mnk growth while the plot was closed to grazing. 
On April 8th and again on May 27th, ten spade squares were 
taken randomly both from within these undamaged areas, at 
distances greater than 2ft. from the margins of the areas, 
and from the adjacent damaged pasture, at distances of 1-3ft. 
from the margins of the undamaged areas (appendix XIV). Grass 
grub density was much lower in the undamaged areas than ln the 
damaged areas in early April (table 10-38). Between March and 
early April the grass grub population density in the damaged 
areas of plot 3 had been reduced from over 1000 to 500-600 per 
square metre by intensive starling predation. The plot was 
grazed from April 10th, and by late May the grass grub popu-
lation in the undamaged areas appeared to have increased 
slightly (table 10-38), undoubtedly because of immigration of 
grass grubs from the adjacent areas of denuded pasture, where 
sheep treading and bird predation (and emigration) brought 
about a marked popUlation decline. By this time the pasture 
was grazed down hard, with heavy pasture pulling having 
occurred in the damaged areas but none in the undamaged areas 
(plate 10-2). Destruction of the root system by grass grubs 
Plate 10-1. Part of Win c hmore plot 3, ph otograph ed on 
7 / i v/70. Eac h of t h e two wh ite peg s 
protrudes for 10 inc h es a b ove t h e soil 
s u rface. Th e left-hand peg is i n t h e 
centre of a localised area of undamaged 
pasture a nd t h e right-h a n d peg in severely 
damaged pasture typical of t h is plot. 
234. 
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Plate 10-2. Th e same view as in plate 10-1, ph otograph ed 
on 27/v/70, after the plot h ad b een h eavi l y 
stocked for 6- 7 weeks. Note t h e h eavily 
pu lled pasture, except i n t h e localised 
undamaged area. 
--- .-..... -... - ;- ..... 
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in severely damaged areas results in tufts of pasture being 
pulled up by grazing sheep. Unlike rooks and magpies, 
starlings do not pullout tufts of pasture, since no pulling 
was apparent in early April (plate 10-1) despite high 
starling predation in this plot over the previous month, when 
the plot was not stocked. Plate 10-2 shows the clear deline-
ation typical of the localised undamaged areas within plot 3. 
Although heavily trampled, the relatively complete turf mat 
in these areas protected the soil against excessive compaction. 
Table 10-38. Grass grub densities (grubs/m~) within 
undamaged areas of Winchmore plot 3 and in 
adjacent damaged pasture. 
Grass grub density 
Area 
8/iv/70 25/v/70 
Undamaged 137.77 163.61 
Damaged 508.05 210.97 
The mortality of third-ins tar grass grubs caused by stock 
treading will be affected by the type of stock used and soil 
moisture, as well as by stocking rate. For example, pregnant 
ewes would be expected to cause greater mortality than hog-
gets at the same stocking rate, and cattle treading should 
cause greater mortality than sheep treading since cattle 
hooves exert greater pressure (Sears, 1956). Mortality of 
experimental field populations caused by sheep treading occur-
red largely during time intervals when rainfall, and hence soil 
moisture, was high (tables 10-25 and 10-26), particularly in 
intervals 7 and 11. During these two intervals the combination 
of rain and the heavy stocking rate resulted in soil puddling, 
i.e., the formation of a surface slush with pools of water 
.~-. '.-->:': .• 
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lying on the surface for several days. This was especially 
noticeatle in time-interval 11, when 2.24in. of rain fell 
over four days, from June 16th to 19th. Many of the grass grubs 
in the experimental field population for this interval which 
were dead on recovery and were classed as having been killed 
by sheep treading were not obviously crushed, but appeared 
to be intact, although they were the same dark brown colour 
as obviously crushed grubs. This dark brown colour presumably 
results from invasion of the cadaver by bacteria. The de-
creas~ in gaseous diffusion which accompanies soil crust for-
mation when puddling occurs may lead to oxygen deficiencies 
detrimental to plant growth (Domby and Kohnke, 1956; Edmond, 
1958), and it is possible that some of the grass grubs killed 
by sheep treading (those recovered intact) were killed by 
oxygen shortage or an excess of CO 2 rather than by direct 
crushing. 
The apparently small mortality caused by sheep treading 
at Winchmore plot 1 in 1969 may have been related to the 
relatively dry autumn and winter encountered in that year. 
Total rainfall recorded at the Winchmore Research Station for 
the five month period March to July inclusive was 6.94in. in 
1969 and 9.90in. in 1970, when considerable sheep treading 
mortality was recorded in plot 3, with a yearly average of 
12.97in. for the period 1950-1969. In the dry winter of 1969, 
soil moisture in plot 1 may not have been high enough to soften 
the soil to the point where sheep treading could crush grass 
grubs, whereas there may have been significant sheep treading 
mortality in the 0.3-acre open plot in the wetter winter of 
1970. However, stocking rates in the paddock containing plot 1 
and the open plot were similar in both years and soil puddling 
did not occur in this paddock in either year, while the effects 
of the drier winter in 1969 would be partly offset by the 
fact that this paddock received a late irrigation in 1969, on 
April 13th, compared to a last irrigation on February 28th in 
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the autumn of 1970. The paddock where the results given in 
table 10-36 were obtained was irrigated in late March, 1970, 
but despite the resultant high soil moisture, treading mor-
tality apparently remained low in the area with an initial 
grass grub density of about 500 per square metre. This 
suggests that even when the soil moisture is close to field 
capacity, as after an irrigation, the turf mat in areas with 
an intermediate grass grub density of about 500 per square 
metre is still strong enough to protect the grubs from 
crushing by sheep treading. It would be interesting to mea-
sure the mortality caused by sheep treading in these Winchmore 
soils during a wetter-than-average winter. If this mortality 
proves to be high in these soils only when soil puddling 
occurs, the use of mob stocking to control grass grub would 
have to be balanced against the detrimental effects of pudd-
ling on pasture production (Gradwell, 1966; Edmond, 1966), 
although such effects are apparently insignificant under some 
conditions (Brown, 1968; Campbell, 1966c). 
Winter soil moisturesin non-irrigated and irrigated 
Canterbury Plains soils are similar (Rickard and Fitzgerald, 
1970), and it should therefore be possible to inflict consider-
able mortality on grass grub populations in non-irrigated soils 
by mob-stocking infested pastures during wet winter periods, 
particularly since grass grubs cause severe pasture damage, 
and hence weaken the turf mat, at much lower densities in 
non-irrigated soils than in irrigated ones. Stock treading 
did not cause significant mortality in any of the non-irrigated 
plots in this study, as indicated by exclusion results, because 
the combination of a high grass grub population and high 
stocking rate was not encountered. The Weka Pass plot was 
only lightly stocked in 1969, although cattle were present, 
and with paddocks upwards of 40 acres in size, as on this 
property, mob stocking may not be feasible as a management 
practice for controlling grass grub. When the Lincoln plot 
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was heavily stocked, in 1970, the grass grub population had 
fallen to a low level, with no visible pasture damage and a 
relatively small proportion of the population in the top 3.0cm. 
The grass grub population of 79.56 third-ins tar larvae per 
square metre was apparently too low to weaken the turf mat to 
the point where soil compaction sufficient to cause a signi-
ficant mortality of grass grubs could occur. The mortality 
caused by stock treading under different conditions of soil 
moisture, type of stock, stocking rate, plant cover, grass 
grub density and soil type is clearly a subject worthy of 
further research, to determine the conditions under which 
mob-stocking can be a useful device for assisting grass grub 
control. 
